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Dr. Paul J,

Marto

Distinguished Professor and Chairman
Department of Mechanical Engineering
Naval Postgraduate School

Monterey,

On behalf of Rear Admirsl Robert H,
Shugaker, the Superintendent of the Naval
Postgraduate School, 1 welcome all of you to our
beautiful Monterey Peninsula. I am very honored
to have the opportunity to be present at this
opening session, and to represent the Naval
fostgraduate School which is serving as co-host
for this 56th Shock and Vibration Symposium.

For over 75 years, the Poatgraduate School
has been serviug the U.S. Navy by providing
graduate education for commissioned officers.
Prom its modeat beginning in 1909 on the Naval
Academy campus in Annapolis, with 10 officer
students and three faculty, the School’s
programs have expanded dramatically {n response
to the growing needs of the Navy and the
Department of Defense. Today, with an
enrollment of over 1,600 students, including
representatives from all the U.S. Armed Services
and from more than 25 allied countries, the
School has established a strong academic
reputation, Admiral James D, Watkins, Chief of
Naval Operations and a mechanical enpineering
graduate from this institution, has =a1id: "I
conasider the investment in graduste ~ducation of

CA

selected officers to be a strategic requirement
for the Navy. With today’s technological,
managerial and political/economic complexities,
the need for graduate-level expertise has never
been greater."

We, therefore, appreciate the significant
importance of research in achieving and
maintaining technological superiority, and
encourage our faculty to participate in
conferences sich a8 this one, where the latest
{deas and rescarch results may be shared with
colleagues from other universities, from
industry, other branches of the government and,
1’m happy to say, with our friends from other
countrietv. Of course, the subject of shock and
vibration plays a fundamental role in the
welfare of the Department of Defense, and I
commend the organizers of this conference, and
all of you present, for your continued
dedication to uphold the high standards
established for this Symposiur over the years.
In closing, 1 wish all of you a professionally
rewarding experience and an enjoysble visit with
us. Thank you.
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INVITED PAPERS

SOLID MECHANICS PROGRAM AT ONR

Alan S,

Xushner

Solids and Structures Group
Office of Naval Research
Arlington, VA

(Presented by Ben Whang, Head
Submarine Sutrvivabtlity Group
David Taylor Naval Ship R&D Center)

This morning, my task is to tell you the
ONR‘s philosophy on basic research, and the
contenta of the current Solid Mechanics Program,
and, by doing so, 1 hope to give you a flavor
for the type of research ONR {8 interested in
supporting, and to stimulate you to caome up with
new directions in Solid Mechanics, related to
Shock and Vibration,

Within ONR, the Solid Mechanics Prougram is
in the Engineering Sciences Directorate. The
Program has close ties, through jointly funded
{nterdigciplinary programs, with two other
Programs in the Mechanics Division, namely, the
Fluid Mechanics and Propulsion & Energetics, in
addition to the materfals Division (Fig. 1). At
ONR, the basic phllosophy is to support
fundamental research which provides an expanded
scientific basis for an enhanced understanding
of a field (Fig. 2). Specifically, within the
Solid Mechanics Program, the emphasis is in
understanding the behavior of solids and
structures over a wide range of length and time
scaies. Such an understanding and a unificatien
of the interplay between the physical processes
taking place at various scales is essential, if
a sound physically rather than empirically based
predition of mechanical behavior is to be
established.

The Solid Mechanics Program i{s divided into
four subareas as shown below:

fundamental Solid Mechantics
Failure Mechanics
Fluid-Structure Interaction
Structural Mechanics.

I will briefly discuss each of thesce subareas,

In the Fundamental Solid Mechanics area,
the objective is to understand the thermo-
mechanical behavior of all current and future
classes of materfals (Filg. 3). The importauce
of the scile of response 1s clearly seen tn this
area. * growing part of the program {s in

Micro-maechanics. The emphasis Yere is {n the
mechanistic description of damage in the
materials, for example, grain boundary cracking
and shear band formation. In addition, research
18 supported to establish theoretical framework
to incorporate these micro-mechanical mechanisms
into effective or average macro-scale
descriptions of damage, eventually leading to
imprcved conatitutive equations. Research in
this area {s critically trportant in the Shock &
Vibration area, since it provides a framework
for the description of material damage under
shock conditions. As an example, there {s a
study to see whether the Gurson-Rice model for
ductile void initiation and growth, coupled to a
), Correr Theory of Plasticity, can predict the
dynamic tearing in a Cha-py Impact Test.

The Fallure Mechanics area encompasses
fracture mechanics and NDE (Fig. 4). This area
i{s to understand and predict the failure
processes, which occur on the macroscoplc and/or
the structural level. A major thrust is in the
cuncept of materfial toughness under horh wmratic
and dvnamic conditions, Crack propagation under
shock loading. as well as structural fatigue
under vibration arc the areas of interest
here. The theoretical foundations for wave
transmission and scattering in coaposites as a
basis far NDE is an expanding part ot the
progranm,

The Fluid--Structure Interaction aren
continues to undergo maijor changes fa dirvction
(Fig. S). A major new thrust is atmed at
establ{shing an {n-depth understanding of the
fnterfactal rechanics of deforming structure-
fluid svsteas through refining {nterface
representation, includtng full-coupled
computational capability, and controlling
structural resgonse to acoust!:/{luid-dynamic
loading, which includes active and passive
coatings,

To address these tssues the classical structural
acoustics and structur:l shell theories cannot

.
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be used. Pressure, shear stress, and veloci‘y
must be primitive variables in the basic
theories. This area will be discu3sed in more
detail, later.

The final area is Structural Mechanics
(Fig. 6). A major goal is to estabish a
capability to control the response modes of
structures, The emphasis 1a in establishing
computational techniques and in understanding
structural response transitions such as
deformatinn localization and buckling or
collapre transitions. The question 18 what are
the conditions which cause static buckling
processes to transition to dynamically unstable
procenses and the ultimate transition to
collapse? An exciting new class of struciural
naterials 18 the plezo-electriec composites which
may play a critical role in future active
systems for controlling flutd=-structure
interaction. Two exanmples of the type of
research supported by ONR are Fluid Structure
Interaction and Micro-mechanics of Compcaites.

A new interdisciplinary thrust in Fluid-
Structure Interacction 18 jointly supported b
Sol1d Mechanica and Fluid Mechanics Programs and
the Materials Division at ONF, The {sgue s an
in=depth understanding for the generation of
stress and velocity fields at the Interface of
lavered snlide and turhutent {low fields (Fix.
7). All three components of botl surface stress
and surface velocity at the Interface rmust be
predictable. The Fluid=-Structure Interaction
capabiiity juat descrilbed 18 essentfal in
advancing the state-of-the-art in many critical
areas for the Navy (Fig. B). C(urrently, sonar
search speeds for ships and submarines are
speed~limited because of {ncrea~ing flow noise
with speed. / way around this would be to
separate gound inputs by thzir source, acoustic
.adiation, or turbulent fiow, Current sensors
catinot do this because they respond to surface
pressures in a8 quesi~statically deforming
mode. Because the velocity flelds associated
wilh acoustic and turbulent pulses arc gquite
differentr, o dynamically deforming srnsor can
serve as a source discriminator for pressure
pulge sour “es.

The spectfic ohjectives of the program are
liated in Figure 9., [he first three involve
interface respotses, atd the last three comhine
the Mechanics and Materiais thrusis to tallor
structural coating systems (o obtain optimum
responses, The response optimization can
address acoustic {colation and identificatirn
isgues, ard porsibiv at the same time, address
flow drag reduction issues. The technical
issues iigsted in Figure !0 po1at out a
significant aspect of tils program. It 1s not a
srandard inteirdisciplinary research program,
whizh attemnte to marve the state-of-the=-art
technoleglies {n disparate fields., Rather, cach
aspect of the program, that 1s, Solid Mechanics,
Flutd Mechaniecs, ani Materials Sclence, {nvolves
critical forefront research {n {ts own ficld.
For example, the thivd item listed {n Figure 10,
the detensinistic descriptions of turbulen:

flows are just now emerging for non-intieracting
tields with clean geometries. In attem,ting to
isolate acouctic pulses from turbulent flow
noise, an important research quest:on is whether
a critical small eddy structure car: be
identified and its evolution predicted (Fig.
11). This critica. eddy state woild correspond
to the development of a turbulent event, with
noige sufficient to mask the desaired acoustic
sound laovel, If such a critical state could be
identi{fied, active surface materials such as
flexible plezo-electric composites could be used
to control the turbulence!

The une of new materials such as the plezu-
electric ccmposites in 8tress wave applications
poses many tew cuallenges to the solid mechanics
community. 1la addition to their electro-
mechanical coupling, these materiais are
com, usites made of compcsites. Figure 12 ehows
a multi-level concept in which a matrix of
plezo-electric composites is embedded in a
composite,

The next example deals with Micro-mechanics
of Composites. 1 wag mentifoned earlier that
the key element in the program is the linking
together of response mechaniasms at dif ferent
scales, To show how thls issue {8 addressed, a
new thrust in theoretical and experimental
research in composites will be considered -
specifically, the nonlinear, mnltivariable
theory, and an ultra high-resolution optical
techuique (Fig. 13). The computational ef fort
has just begun, and 1t 18 not yet ready for
presentation.

For the Noalinear Multivariable Fleld
Representation in Composites, consider a
anigxially reinforced composite as shown on the
left in Filgure 14, Classically, the properties
are based on the uniform deformation in a
representative unit cell. The multivariable
cell displacement field shown at the right (n
Finur~ 14, not only allows for more accurate
acscription of materfal nunlinearit{as anch aR
matrix plasticity, but also allows description
ot local damage states such as fiber matrix
separation {n a consistent manner.
Experimentaily, an ultra high-resolution optical
technique using the Subwavelength Moire’
Interferometry has shown preat promise. An
argnn laser beam, with a wavelength of 20 nicro~
inches, can give a fringe sensttivity for
displacement contours of 16 micro-inches. At
the ,fght 1n Figure 15, a fringe pettern for the
V-aisplacenent in a three-point laninated beam
1s shown. The botiom of Figure 195 clearly shows
the dellneation .f shear straln concentrattions
i1 the vesin-rich zonvs between each laver. The
carrent research s to extend the friage
senstiivity down to 0.3 micro-inches pe:r fringe,
and a time resolution of une micro-inch per
frame! This will produce experimental data
necessary for the higher-order cont{nuum
theories for voaposites,

In summary, a hrief description has been
attempted on the ONR's philosophy of bhasic
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research and the current Prograu in 8nlid
Mechanics, along vith a fev axamples. Much of

5
P
-, -

it i= relevant to the Bhock and Vibration -
Community, and ample opportunities exist for e
this community to jefine eyciting, nuw, bdasic el
reseerch 4irections. The Program is continually Us D)

evclving and expanding. ONR colicits your
ideas!
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ARMY RESEARCH IN SHOCK MECHANICS

John F. Heacall. and Richard Shea'

*

U.S. Army Materials Technology Laboratory

Watertown,

ABSTRACT

The U.S. Army Materials Technology
Laboratory (MIL) has mission responsibility for
managing the Army’s technology base programs in
s*ructural materials, solid mechanics and
materials testing. One of MIL’S major programs
13 in Armor/Anti-Armor Materials. A kev
ingredient of this program i{s shock mechanics
research. The research seeks to understand the
mechanisms associated with the complex processes
of projectile impact of targets and explosive -
metal interactious.

The analvtical basis for research in shock
mechanics is presented. Several of the
mechanisms, test procedures and applications of
the research are discussed.

INTRODUCT ION

The Shock and Impact Mechan‘cs Team at MTL
1s conducting a combined theoretical/exper-
{mental program almed at understanding the
mechanisms involved in such complex processes as
projectile impact of targets and explosive-metal
interactions, Of particular interest is the
role that material properties such as dynamic
strength and fracture resistance play in such
encounters.

The analytic procedures employed primarily
involve the use of the HEMP code to simulate
ballistic events. HEMP {8 a finite d.fference
procedure which begins with the fundamental
conservation laws in two or three spatial
dimensions, couples to these a constitutive
model which {8 appropriate for the high pressire
fields involved, and integrates the equations of
motion step-bv-step 1in time, Output from the
code consists of all the pnysica' parameters of
interest: position, velocity, stress, strafin,
and temperature as ‘unctions of time,

*Leader, Shock and Inpact Mechanics Team
**Director, Mechanics and Structural Integrity Laboratory
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DYNAMIC STRESS~STRAIN CURVES

The response of materials to high
compression fields associated with impact or
explosive loadings is described in terms of the
so-called Hugoniot curve, The Hugoniot
Equation—of-State (Figure 1) 18 the locus of
p-essure-volume states a material follows when
dynamically loaded and 1s obtained via a series
of plate-slap tests. In these tests a flyer
plate of known characteristics impacts in a
planar fashion a specimen whose Hugoniot 1is
being determined. The specimen’s rear surface
is monitored by a laser velocity
interferometer. This signal is then
interpretable in terms of the peak pressure and
associated volume change induced by the impact
conditions, A serles of such experiments then
maps out the entire P-V curve and determines the
coeffi{cients listed. The role of material
strength of solids (vis-a-vis the hydrodynamic
regime) 1s superimposed on the Hugoniot by the
employment of a Von-Mises yleld criterion which
regulates permissible amplitudes of the stress
deviators 5, S,, and 53.

These resultant dynamic stress-strain
curves are then employable {n computer
aimulations of generai impact or explosive
events. They are of particular significance to
our work at MTL since our interests focus
primarily upon the materials oriented 1ssues as
opposed to the kinematic 18sues associated with
this problem class.

EROSION MECHANISM

Ag an example of how the theoretical and
experimental approaches to ballistic complement
each other and of why b,th are nceded, consider
the foliowing:

Figure 2 shows some regults from a HEMP
simualardian of a lang-rrd (1/D a2 17 uranium
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penetrator impacting & massive steel target at a
velocity of 4,000 ft/eec. It is evident from
the distorted grid that as penetration proceeds,
the region of intense plastic deformation is
quite localized and 18 confined to a 'process
zone' whose radius is less than two projectile
diameters, Material outside this process gzone
{8 hardly affected by the {mpacv. 1In
particular, projectile material is decelerated
only as it enters the zone following material
closer to the projectile tip which i3 {n the
process of being eroded; 1.e., compressed and
washed backward toward che cavity opening.

Figure 2 aleo provides the physical basis
for this erosion mechanism in terms of ambient
stress levels. We plot isobars of those
pressure fields which are sufficiently intense
to induce significant deformation and/or
deceleration. For example, 10 kilobars 18 the
approximate yield strength of both target and
projectile. Although the initial pressure
levels are an order of magnitude higher than
this, they decline rapidly and never extend very
far spatially. During the steady~state phase of
the penetration process (most of the problem
duration), we are dealing with a spatially
limited pressure field of moderate intensity.

Figure 3 shows a set of flash x-ray
observations of esgentially the same problem.
They reveal that the rear end of the penetrator
18 not decelerating even in the third exposure
(when 1t 18 nrearly embedded in the target), thus
confirming the HEMP results. It is also clear
that today’s x-ray equipment cannot reveal
details of what is occuring at the
projectile/target interface, thus stressing the
utf{lity of the HEMP gs‘~ulation. A considerable
amount can be learnu. about the penetration
process by varying the projectile and target
material properties in a succession of
simulations,

RUFFETING MECHANISM

A more realistic penetration problen
representative of armor systems on modern
vehicles concerns the process of long-rod
projectiles perforating spaced arrays such as
that shown fn Figure 4. Flash x-rays of such an
encounter are shown in Figures 5 and 6, where
the projectile is seen to bend significantly
between plates 2 and 3. Such bending is of
course deletorious to penetrator performance and
needs to be corrected since this behavior tends
to worsen for modern designs with increased L/D
ratios.

There 18 considerable controversy over the
cause of such bending. We take the position
that it is not due to a "buckling" nor to a wave
propagation process assoclated with target
obliquity. TInstead, the HPMP simulation shown
in Figure 7 lends support to the mechanism of a
mechanical contact with the sidea of the hole iIn
the target by the side of the penetrator.

22

Figure 7 also considers a plausible set of
conditions for the projectile interaction with
the second place of a spaced armor system. We
stipulate that the problem begins after the
projectile tip has bored a hole {n the second
plate, Tt has an L/D of 20, is moving with a
velocity of 3,000 ft/sec in the x direction, but
as a result of its interaction with the first
plate element, 1t has an induced yield of 10
degrees and a y velocity of 100 ft/sec., The
initial diameter of the hole in the target
element is twice the projectile diameter.

Init{al contact with the side of the target
hole 18 a grazing incidence; by 15 microseconds
the projectile has been pushed down to the lower
edge of the hole and by the time of exit (180
usec), has been badly bent while the hole has
been greatly enlarged. Post-mortem examinations
of second plate elements reveal a hole with a
strongly elliptic rather thaw a circular hole,

We would stiess that the point of this
simulatinn 1s to provide guidance for improved
penetrator design by smore clearly identifying
the mechanical cause of the bending action which
works against projectile efficlency. More work
would be needed in stipulating precise impact
conditions if complete agreement with x-ray
observations {s sought.

ADIABATIC SHEAR

Adiabatic shear {s the name artached to a
process of extreme localization of a deformation
which has been proceeding in a relatively
uni form manner untii an instability suddenly
{ntervenes. Tt appears that higher strength
materials are more vulnerahle to this
phenomenon.

Figure 8 gives an example assoclated with
ballistics. All these targets ware impacted
with {dentical projectiles at the velocities
shown, The upper target {s a soft (annealed)
4340 steel. Tt has nearly been perforated by a
process involving massive plastic deformation.
The middle and lower targets are both very hard
4340 steel. Clearly, the perforation process s
quite different and {nvolved very local
deformation along the white shear bands visible
in the lower target. Ballistic consequences of
this process are shown {n Figure 9, where
improved ballistic performance 18 observed as
target hardness 1s fincreased up to a point, when
suddenly continued increases in hardness results
in poorer ballistic protection.

Details of this mechanism are being studied
in the labnratory again by a combined
theoretical/experimental program {nvolving a
stepped projectile (Figure 10), Figure 11 shows
examples of how th's procedure provides ciose
control over the nucleat{on and growth of shear
bande. The atepped projectile 18 the dark area
at the top of the phntographs; the shear band is
readily visible as the white line {11 the lower
photograph.

{iii :

LR

..'l.'.J\‘

Lo L
A

-




R RO L AR N Ta

Analytically, this experimental procedure
is modeled by incorporating in the HEMP code a
conatitutive law which accounts for strain
hardening of a material as plastic deformation
proceeds, followed by a thermal softening as the
work of plastic deformation is converted into
heat , and the material responds to the
temperature rise. The net result 1s a stress-
strain curve exhibiting a local maximum, This
18 not typical of static testing results simply
because at static testing ratea there is
sufficient time for the temperature rise to
diffuse through the specimen, and not produce a
localization of deformation. Dynamic tests
exhivit a different behavior.

Figures 12 and 13 show the nucleation and
growth of shear bands emsnating from the corners
of the indenting projlectile tip. (The bvody of
the stepped projectile is not shown here for
convenience.) We note in passing that even
though the impact velocity is low (200 ft/sec)
the bands grown quickly and are developed by 2L
usec. This procedure will prove useful for both
mechanistic studies and as a quantitative
measure of a specific materials resistance to
adiabatic shear.

TAYLOR TESTS

One example of a procedure for measuring
the dynamic {vs. static) strength of material is
that of the split Hopkinson bar. This is
limited to "medium" strain rates, somewhat low
for ballistic applications. Another procedure
is the Taylor Test ir which one impucts a
¢ylindrical specimen against a rigid target and
from post-mortem measurements of deformation
infers estimates of dynamic material flow
strength. Figure 1L shows experimental results,
including progressive failure with increased
impact velocity; Figure 15 shows a FEMP
sim:lation of the deformation. The latter is
usefal in making more precise estimates of
drnamic materlial hehavior,

EXPLGSIVE HARDERING

One interesting experimertal technijue
freguently 1ised %o harden pre-fatricated items
of complex shape, such as railroad frogs, is
that of explosive hardening. Ore places a thin
layer of explosive cr. the surface of a specimen,
detonates 1%, ard the resul* is an increase in
rardness {or a certain deptl. into the
material. 7Zne advantage of the proczedure is
¢hat ore car acltieve jesiratie levels of
rardness without extensive deformation of the
specimen as woull te recessary for more
conventional work-hardening procedures, This is
attrivutacie Lu Lhe Lilénse priscurs flelde
agsociated with the explonsive process. Flgure
16 shows some HIMP resalis which prove useful in
assessing such isaies a8 how thick a iayer of
explosive, cr wha*t “ype of explosive is
neceasary o acihleve a prescribed hardening
depth.
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EQUATIONS-OF-STATE

T

a) PRESSURE-VOLUME-ENERGY (P-V-E) RELATIONSHIP
©DOMINATES FOR VERY HIGH PRESSURE FIELDS

¢HUGONIOT CURVE OBTAINED FROM PLATE-SLAP
TEST CHARACTERIZES SPECIFIC MATERIAL

A

4
YOy W,

EYNACD | 3 A

Stress ,
(Pressure) ..2
., e

Volumetric Strain g::

b} MATERIAL STRENGTH EFFECTS DOMINATE FOR MODERATE
PRESSURE FIELDS

¢ INCORPORATED VIA VON MISES YIELD CONDITION

’A

S12 + 52 + $32 < (23) Y2
(TAYLOR TESTS OR HOPKINSON-BAR TESTS)

Fig. | ~ Hugoniot equation of state
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Fig. 2 — HEMP simulation of long rod penetcator into steel target
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Fig. 3 — Flash X-ray of long rod peneirator into steel target
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50 psec
Fig. 7 — HEMP simulation of penetrator interaction with second plate of array
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Fig. 16 — HEMP simulation of explosive hardening
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AIR FORCE BASIC RESEARCH IN DYNAMICS AND
CONTROL OF LARGE SPACE STRUCTURES

Anthony K.

Amos

Program Manager
Aerospace Sciences
Bolling Air Force Base, DC 20332-6448

INTRODUCTION

The future of the U,S. national security
lies in space! Space provides unparalelled
opportuvnities for global surveillance,
communication, and directed energy weapons
basing. These activities are necessary to
implement national policies of denying the enemy
ready access to space with of fensive weapons, of
creating a defensive shield against strategic
weapons, and of assuring compliance by all
parties of international arms limitation
agreements, The physical assets needed to
support such activities must meet much higher
performance and precision requirements than can
be assured by current technology. Hence the
last five to ten years have seen {ntensive
research by many organizations (NASA, DARPA, and
DoD) to assess and develop the needed
technologies in many topics including space
power and propulsion, space communication,
directed energy weaponry, and large space
structures. The U.S. Alr Force has and
continues to play a major role in this effort
with system studies to define possible future
missions, preliminary and advanced developments
to validate concepts and define specific
technology requirements, and basic research to
assure future avallability of the requirements.

As managetr of all Air Force basic research
the Air Force Office of Scientific Research {s
the focus of ongoing space related basic
research covering many topicse such as Space
Power and Propulsion, Spacecraft Survivability,
lmaging, Laser Communication and Weaponry,
Spacecraft Materials and Structures.
Participants include in~house researchers at the
Alr Force Laboratories as well as extramural
researchers from industry and academia. This
paper provides an overview of an eclement of the
Spacecraft Materials and Structures program
deaiing wiil the dysamics and contral of
evolving spacecraft structural systems. The
relevant active projects are listed in Figure
1. The detailed material presented here 1is
based primarily on the APOSR Structural
Mechanice activity since time and space
precludes a broader scoped presentation covering
all the projects.

The projected structural systems are
typically large in comparison with current
spacecraft designs due primarily to the nature
of the missions involved. For example, military
compunication would require RF Antennas of
effective diameters in the range of 100 meters
of more depending on the wavelengths of the RF
carriers involved. Economic considerations
would require that they be lightweight and
either deployed or assembled {n orbit from
components transported from earth. 1In addition,
operational requirements demand effective
attitude control to maintain prescribed line-of-
sight within very close tolerances, and the
abllity to rapidly change line-of-sight by
slewing with minimal distortion due to
structural vibrations. For reflective surfaces
of antennas and optical mirrors additional
distortion arising from deformations of the
surface from a desired geometric shape must also
be reduced to a minimum.

For the above reasons positive control of
the system dynamics (including structural
flexibility contribution) must be exercised at
all times during the operational lives of these
future high performance systems. Both active
and passive means of control are viable options;
they may both be necessary under certain
conditions.

PASSIVE CONTROL

Pagsive control reliee on mechanisms for
dissipation of mechanical energy from a dynamic
system to minimize vibrations and dynamic loads,
and to reduce the likelihood of mechanical
instabilities. The commonest of these
mechanigms is structural damping which
originates from a variety of sources including
internal hysteresis, joint friction, aerodynamic
loading and external devicea.

Daaping technology is, from the
applicaticne standpoint, fairly well
developed. The turbomachinery, rotorcraft and
aircraft engine communities routinely rely on
damping for controlling the dynamics of rotating
componerts, Nonetheless, there is a percelved
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lack of adequate understanding of the basic
phenomenology of damping which is reflected in a
high degree of quantitative unpredictability of
its effect in specific designs. The state-of-
the-art in damping design is one of virtual
"trial and error".

Alr Force Basic Research in passive control
consists of efforts to (a)identify and model
friction: a major contributor to damping in
built-up structures, (b)develop constitutive
models of material viscoplasticity and internal
damage responsible for hysteritic behavior, and
(c)explore the use of viscoelastic and plezo-
electric materials for damping enhancement.

A non-local friction theory has been under
development over the last three years by .J.
Tinslev Oden of the University of Texas,

Austin, It {s hased on the premise that
Coulomb’s Law applies not on a pointwige bastis
but rather to a summation of interactions over
actual areas of material contact which depend on
the nature and distribution of asperities over
the interface surfaces. It further accounts for
the deformations of the asperities which are
generally non-elastic even for metals. For
newly formed surfaces under moderate normal
loads, interface constitutive models have been
developed Involving power law relationships.
Variational principles have been established for
integrating these relations into the system
dynamic equations and finite element

computat ional schemes nave been developed for
numerical approximation of the resulting
nonlinear equatfons., Figure 2 shows the results
of a sample application of the theory. The
friction stress results clearly deplct stick-
slip motion which has long been observed
experimentally. The normal stress results are
new revelations requiring further verification.

The Bodner-Partom thermoviscoplastic
constitutive model {s the product of about ten
vears of Air Force spowsorship of research by
Sol Bodner and co-investigators at the Technion,
Israel Institute of Technology. This is a
phenomenological model of the unified theory
variety, if.e. it describes simultaneous
nccurrence of both elastic and plastic
deformationg uner all loading conditions, and
requites no yield surface specification. Tt
uses fnternal varfahles to model damage,
hardening and temperature dependence. 1t has
demonstrated geod correlation with experimental
data generated for a wide range loading
situatfons. Flgure 3 depicts some results of
one such correlation study based on cyclic
1nading tests Involving out-of-phase axial-
torsion comhination. This study was perfarmed
by the Southwest Research Institute under a NASA
contract.

A cooperative {ndustry-academia rescarch
ef fort just conpleted has been focused on the
development of analytical and experimental
methods of characterizing the localized dvnazic
properties of structural joints which
tncarporate viscoelastic treatments for damping
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enhancement, and for representing the effects of
the local dynamics in the analytical models of
the parent structures. Richard Trudell of
McDonnell Douglas Astronautics Company and
Lawrence Rehfleld of the Georgla Institute of
Technology as co-investigators developed a lap
joint concept with viscoelastic lavers that is
optimized for damplng subject to stiffness
constraints, They developed finite element
nmodeling techniques for the nonlinear hysteretic
behavior of the ioint and evolved a unique
experimental technique for determining the
effective damping of such joints. This involves
the transmission of a pulse wave through the
joint and use of the amplitude and phase
modulation of the exit signal to calculate the
cffective joint stiffness and damping. Plans to
extend these results from the axial loading
conditions studied to combined axial and bending
situatiovas, and to examine other jolnt concepts
have been temporarily suspended due to budgetary
constrafints, Sfimilarly, the subject of plezo-
electric damping enhancement 1is a planned future
focus of research fuvestment.

ACTIVE CONTROL

Active control of the dynamice of flexible
structures is the result of judictous application
of forces (and/or torgues) additisonal! to the
normal inertial, stiffress and damping effects
by means of actuators permvanently incorporated
into the structurte, and activated according to
some control logfc {mplemented in onboard
electronic subsystems that may or may not
require dvnamic response inputs from sensors
attached to the structure. These additional
forces provide the means for modifying the
dynamic behavior of the unaided structure to
improve system pertormance. Their proper
selection {s the essenece of active dvnamic
control. As indicated in Figure &4, the
selection process (control synthesls) must meet
two fundamental and porentially disparate
poals: maxirum performance improvement over Lbe
unafded structurse, and stability of the
resulting controlled structure {(robustness),

The hasis of current control synthesis
practice 1s Linear Quadratic Gaussian (LOG)
theory. Tt requlres a linecar madel of the
structural dvnamics, a linear relationship
hetween the forces and input signals of the
actuat:rs, a linear transfer matrix relationship
between estimates of the dvnamic state (or
sensor outputs) and the actuator input signals,
and Lthe mintaization of a quadratic “cost"
functional of the dynanfiec state {n the presence
of Caussian white nelse as the criterion far the
selection of the various coettfcients in the

transfer functions. This {s hriefly outlined in
Flgure ¢, Ao dndicatd, the antimizarine

procedure leads to a set of Ricratt{ Equations
whose soluticn estahiishes the control gain
matrix. These are nontinear matrix differential
(algebraie under special caeditfons) equations
with no ¥nown analvtic solurinng,  Numerical
irtegration, the only prac: {cal solution
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approach, is so computationally intensive as to
be feasible only for problems with "few'" state
variables (in the teens on current generation
mainframe computers). On the other hand the
dynamic variables of the structure can number
geveral orders of magnitude in excess of these
limfts. Consequently {t 18 necessary to base
the control synthesis on a low order model
derived from the dynamic equations of the
structure, Development of criteria to govern
this model order reduction process i{s one of the
ma jor research thrusts.

Another thrust ig the establishment of
robustness criteria and procedures.
Impiementation of a.control design on the
structure can be expected to result in
suboptimal performance realizations because of
inevitable differences between the real system
and that represented by the control synthesis
model, arieing from a varifety of sources. Among
them are system parameter uncertainty and
randomness - the properties characterizing the
dynamics of the system are represented by
idealized parameters that ignore possible random
variability and mecasured within limfted
precision, unmodelled dynamics - the conBsequence
of order reductfion, and unpredictable nolse
{nputs from the real operational environments.
Without proper accommodallon these differences
can lead to serious degradation In performance
and possible loss of dynamic stability,

Other research thrusts include extensions
to active control methodologies to directly
addre.s system nonlinearities, and experimental
validation of novel active control concepts and
procedures. Figure 6 lists currently active
rescarch efforts in active controls. A few of
these are described below as a demonstration of
the scope and approaches being used to address
the {ssues above.

David Hyland and Nick Bernstein of the
Harris Corporation are addressing the issues of
model reductlion and robustness through the
application of stochastic modeling and subspace
projection concepts. The stochastic modeling
approach entails the explicit representation of
system uncertalnty and model error in the system
dynamic equations using "maximum entropy" ideas
from stochastic theories., The subspace
projection approach using optimality critcria
results in model order reduction which is
optimal with respect to dynamic fidelity to the
full order model. Figure 7 {llustrates how the
maximum entropy approach modifies the system
dynamic equations and the performance criterion
for optimal control., The optimal projection
approach is {llustrated in Figure 8, and Figure
9 shows how the combination of the two features
willi upilimal couiiol Tesulis i Luth the
modification of the Ricatti equations and their
augmentation with Lvapunov type conditions,
Figure 10 {llustrates robustness improvement
over standard LQG that results from application
of the Maximum Entropv/Optimal Projection
(ME/OP) to a sample problem tnvolving centrol of
the line-of-sight (LOS) of a hypothetical

shuttle-borne antenna experiment. The specific
application was supported by NASA Langley uuder
the "Spacecraft Control Laboratory Experiment”
(SCOLE) program.

An adaptive strategy for accommodating
parameter uncertainty {s the premise of the
research effort by Michael Lyons and Robert
Kosut of the Integrated Systems, Inc., (ISI). In
adaptive control, the control synthesis model 18
based on online estimation of the syctem
parameters, The schematics of Figure 11
illustrate both the adaptive control and the
parameter estimator sttuctures. As indicated
therein, the parameter estimation procedure
involves the use of a mathematical wodel whose
input-output relations can be adjusted to
approximate those of the plant (controlled
system) within acceptable error. The model then
torms the basis of the control synthesis
procedure, As with fixed galn control of large
scale systems, a reduced order uodel 1is
necessary for practicality of implementation.
Consequently the model error will always be
finite in contradiction of claasical adaptation
theory which presumes a perfect model: 1.e. the
model error can be made arbitrarily small for
all Sounded disturbances.

Stability criteria of the classical theory
- conditions for global stability - are
therefore not applicable to the large scale
systems control problem. A new theory which
adeits of finite model errors and guarantees
stability only for specified disturbances =~
local theory - must be established. This {s the
thrust of the I1SI effoirt., The local theory
development has been aimed at extending adaptive
theory from finite dimensional disctrete systems
to distributed large order systems, and at
accounting explicitly for non-vanishing model
error, Analytical formulation of model error
has been developed hesed on parametric models
for identification and control synthesis. The
model error serves as the basis ot a procedure
developed for implementing both the model
reduction and parameter identification steps of
adaptive control. Minimization of the model
error serves as criterion for the parameter
identification step, and defines the allowable
error for the control synthesis step. The
adaptation process therefore becomes one of
fteratively driving the estimatd error for the
closed loop system below the computed allowable
error. The procedure {s {llustrated in Figure
12 for a simulation application involving the
CSDL No. 2 model (a hypothetical optical system
developed at the Charles €, Draper Laboratory
for use in the developrent and valldation of
active control mcthodnlogy under the DARPA ACOSS
program). Fizure 13 presents some simulation
fesults from thi appliraticn of acstive cgntrsls
technology to the problem of vibration reduction
{n a heliccjter cockpit. Fixed galn and
adaptive control! schemes are shown to be both
effective in av order of magnitude reduction in
vibration levels. However it {8 evident that
the adaptive ¢ontrol scheme required much less
control inputs than the fixed gain approach 1in

o &4
Y f‘ﬁ'"mw“

Leih
<

.
e
o “d

g
0

.

., “u N

K NANNS




O R O TN

ARl G0 AR Tk B S A Tl N A TR T

achieving identical performance levels; a
consequence of the ability of adaptive control
to tailor the reduced order model for control
synthesis to the specific parameters (by
identification) assoclated with desired
performance,

Experimental verification of active control
laws for flexible dynamic eysteme is being
pursued by Bill Hallauer, Jr. or VPI. The
research consists of the development of
laboratory test articles with dynamic
characteristics representative of large space
structures, analytical modeling for control
synthesis, testing of the models interfaced to
the controllers as implemented in the
laboratory, and examination and interpretation
of the results., Configurations tested to date
include a pendulous beam and an oblique grillage
system.

STRUCTURAL MODELING

A number of ongoing research projects are
concerned with various aspects of structural
dynamic modeling. The development of accurate
models representing both the structural dynamics
and the controls elements of the coupled system
18 the general goal of the efforts of Ed Haug of
lowa University, Ed Crawley of MIT, Satya Atluri
of the Georgia Institute of Technology, and
Ahmed Noor of the George Washington
University. Ed Haug’s interest is in the
simulation of multi-body dynamics with due
consideration of flexibility effects and the
resulting nonlinearities of large scale
motions, Ed Crawley is pursuing the concept of
“intelligent"” structures composed of constituent
elements made up of passive structure and
associated control system components,
interacting with each other {n a hierarchical
format, Satya Atluri’s research 18 developing
computational algorithms for the nonlinear
transient analysis of actively controlled
structures, Ahmed Noor 18 developing equivalent
continuum modeling concepts for large flexible
systems.

Another aspect of the modeling activity is
that of optimization of the integrated
structure~controls system. From the design
standpoint it {8 reasorable co expect that
significant benefits of performance and economy
are achievable if the structure and control were
synthesized fram the outset to meet desired
performance objectives, in contrast to the
traditional approach ol first designing the
structure and then augmenting its performance
through controls., To explore the possibility of
this new methodology Bob Skelton and Henry Yang
of Purdue University in a joint effort nhave been
developing a fiaite element-based appreach in
which the modal cost criterfon for model order
reductior. has been reformulated to include
finite element characteristics (grid profile,
polynomial snape function order, etc.) and the
coutrol objecttive function incorporates direct
gtructural model parametera. A similar approach

&H
~

being investigated by Mohan Aswani and G. T,
Teeng of the Aerospace Corporation uses
equivalent continuum modeling concept as a
basis, Sam McIntosh of McIntosh Structural
Analysis 18 {nvestigating approaches for the
incorporation of controller gains in design
optlmszation constraints and graemians, In a
similar vein, John Junking of the Texas A&M
University (formerly VPI) 1s extending control
synthesis methodology to account for structural
and flight mechunics parameters - with
particular emphasis on the nonlinearities they
generate. Results to date include methodologies
for optimal maneuvering contrcl and eigenvalue
placement for optimum performance and
robustness,

Transient dynamic phenomena in the form of
propagating disturbances sre expected to play a
major role in the on-orbit dynamic response of
large space structures due to their greater
flexibility and physical size, Conventional
methods of dynamic analysis using vibration
modes are not well suited to the propagating
wave event because the highly localized nature
of the disturbance requires the superposition of
large numbers of modes. Research to understand
and model travelling waves in structures and to
exploit them for more effcctive active controls
i8 being pursued at Sta~ford University by Holt
Ashley, at MIT by Jim Williams, and by ¥. C.
Park of Lockheed Palo Alto Research
Laboratory. Figure 14 is un illvetration of an
eatrly result of the Stanford effort., It depicts
a unique property of periodic structures in
tiltering waves in discrete frequency bands
centered around the fundamental and higher
harmonic frequencies of a unit repeating cell.

At Coruell University Francis Moon, in
collaboration with Phillip Holmes and Richard
Rand, 18 engaged in the inveatigation of
nonlinear dynamics from a topological
perapective. The goal is to identify conditions
under which dynamic systems become chaotic.
Using simple models (e.g. buckled beam) the
basic attributes of chaos have and continue to
be explored. The results of this fundamental
study are enabling research {nto chaotic
tendencies of more practical systems such as the
two segment manipulator arm shown in Figure
15. As dynamic systems, robotic devices with
flexible linkages are known to exhibit chaotic
behavior under certain conditions., It is the
goal of the Cornell effort to identify theve
conditions.

CONCLUSTON

The Air Force Basic Research in Dynamics
and Contrnl cf large Space Structures is, as haa
been dezongtrated here, a comnrebenaive nrogram
that addresses several of the mwany scientific
and technological 1ssues relating to the
development and cperation of very large and
sophisticated high performance systems in the
relatively unfamiliar space environment, The
deaign challenge has motivated most of the
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ongoing research to date., It is perceived that
these have evolved modeling concepts,
computational algorithms and
performance/stability criteria capable of
supporting the design process. However,
analytical and experimental methods and the
experience data base needed to support the
validation of designs prior to commitment to
launch are still sparse or nonexistent. The
APOSR program is therefore in the process of
shifting emphasis from the synthesis to the
simulation objectives of the technologies. 1t
is intended to embark on the development of
modeling and computational capabilities needed
to perform high fidelity simulation of orbital
dynamics including operational maneuvers and
developmental functions of deployment and
assembly.

Since it is perceived that transient
phenomena of the travelling wave variety will be
dominant i{n the orbital dynamics of the systems,
it {3 intended to agrressively pursue this topic
in the near future. It is further intended to
continue research of nonliner dynamics effects
with particulat emphasis on chaos,
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Air Force Basic Research
Aerospace Sciences

SPECIFIC PROGRAMS

AFOSR - STRUCTURAL MECHANICS DR ANTHONY AMDS
- DISTRIBUTED CONTROLS DR MARC JACOBS
ARWAL - STRUCTURES 2 DYNAMICS DR VIPPERLA VAKAYYA
- FLIGHT CONTROLS DR SIVA BNDA
FJSRL - AEROSPACE MECHANICS  CAPT STEVE LAYBERSON

Fig. I — Active programs in spacecraft matenials and structures

RIS

RENORE ) SRIRERAIA] ooy |

44

J . .‘-:'v..:




. . .
| Air Force Basic Research

:"_
: Aerospace Sciences g
~ . "S
: New Friction Model Reveals Parasitic Normal Vibrations During Sliding 3]
: Normal I 0.80 *.} :
) Stress
: 7
i Friction Friction 0.30 )‘5:
. Stress ,.
!- 0
> 0.125 0.150 S
~ Time (Sec) :}' .
- -0.30 )
. + f
& pog
! MODEL FEATURES 0.05 0.10 0.15
e —— . ——— .
- o Interface Medium of ‘ Time (Se¢) 'y
i Microscopic Dimensions B o
+ @ Intertace Constitutive Relations 05 2
. — Power Law Elastic Component ';?:ﬂ;ﬂl ' m
7 — Nonlinear Dissipative Component oss :;-,
i 20
:':: ® Variational Principle ~10 ::,:j
:{ e :;::
%4 ; i Oden/Texas P

Fig 2 — New inction model reveals parastic vibrations dufing siiding
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Air Force Basic Research

Aerospace Sciences

Constitutive Modeling

Bodner-Partom Theory Accurately Simulates Tension-Torsion Cyclic Behavior ot

Hastalloy-X.
Prediction Experiment
4 400 |-
Stress
(MPs)
Stress 0 L—
(MPa)
Axial —400 400 -
-800 ~800 -
400 -
200 | 27 |
Stress
(MPa) Stress
Shear or (MPa) O F
-200 + -200
L 400 -400
Strain % Strain %o
US Lindholm/SyR1
Fig 3 — HBodncr-Puartom thermosescoptastic consttuctive modet

46

x s % "2

FARE

LN

~ e e,
".tlln'\‘\.

»
L

U T
I' '.. ".’. {1 ,aJ

"1

-l



WYV

R APt ar ! - ISR, |t BT RO

P )
£ oY

Loahaabgat g g’

e

N .
T T N TP AN TR TOU XY ART ) O

Air Force Basic Research
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ﬁl-
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rree 4

ACTIVE DYWAMIC CONTROL
MX + CX +KX = £ (0 + R0

STATE SPACE FORMULATION: "
z = {i?

Z s AZ+ Fhe + F(2)

SN T

i)

® SELECTION OF K™ T0 GIVE “BEST” Z (CONTROL SYNTHESIS) Y
® ASSURE STABILITY OF "BEST”Z IN PRLSENCE OF -3
UICERTALITIES Tt PARNETERS - M, C, K :f:

P (ROBUSTIESS)

Fig. 4 — Active dynamic con'rol oi flexible siructures
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CONTROL SYNTHESIS g?ﬁ

LINEAR THEORY(LQG) 38
[ ] .‘-

2 = AZ + BV = STATE VARIABLE &f

Y - cz = ACTUATOR INPUTS \:;:

\“.I

MN T x [[2'@Z + UTRU]dt e

«

COST FUNCTION

Z

U

Y = SENSOk OUTPUTS
J

R = WEIGHTING MAIRICCS
6

RICATTI EQUATIONS = FEEDBACK GAIN MATRIX

4

Uu=G2
@ PRCCEDURE PRACTICABIE FOR L(W ORDER SYSTEMS ONLY
e ORDER OF STRUCTURAL MODELS MUST BE RUDUCED FOR CONTROL SYNTHESIS

Fig 5§ — Fquatians for control syntacsis
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ON-GOING EFFORTS IN ACTIVE CONTROLS

@ OPTIMAL PROJECTION/MAX ENTROPY CONTROL SYNTHESIS HYLAND, BERNSTEIN/HARRIS CO

e PDAPTIVE CONTROL THEORY FOR LSS LYONS,KOSUT/ 151

o EFFECTS OF IMPLEMENTATION?OPERATIONAL CONSTRAINTS MEIROVITCH/VPI Cé

e EXPERIMENTAL VALIDATION OF CONTROL LAWS HALLAUER/VPI t%

® HIERARCHICAL CONTROL CONCEPTS FOR LSS CRAWLEY/MIT tﬁ

o NONLINEAR QPTIMIZATION OF STRUCTURE AND CONTROLS JUNKINS/VP1, TAMU !E

3
Fig. 6 = On-going rescarch efforts in active controls
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ROBUST CONTROL

HIGH-ORDER, UNCERTAIN PLANT

. P
X=(A+2

p
oA + (B + X oBju+w
‘=1ll ':1ll 1

P
y=(C+Y oCpix + wyp

LOW-ORDER CONTROLLER

PERFORMANCE CRITERION
J(AgBeCo) = moE[uTn,x + 2TRypu + uTRL)

Fig 7 — Maximum entropy approach for modifying system dy namuc equations
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OPTIMAL MODEL REDUCTION PROBLEM

GIVEN: xeR"

e
"

Ax ¢+ Bu yeR
Cx !

+ Kl

WHITE NOISE ue¢R™ Y-y, ‘1

POSITIVE DEFINITE DESIGN: x,eﬂ"', n,<n
INTENSITY V L
v,€R

P

N

(g9

v
JaC

STEADY STATE THACKING CRITERION

-
A7 a

e s

JIA,. B,, C,) = tim Elly-y,)"Rly-y,)] (R positive definita)

t—x

8- PO

Fig ¥ ~ Opumal model reduction problem
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OPTIMAL PROJECTION/MAXIMUM ENTROPY
DESIGN SYNTHESIS

LaG
2 RICCAT)
(SEPARATED)

ARAMETER

Low 0RO
! URCERTAINTIES

COMSTRAI

ME
2 RICCATI + 2 LYAPUNGY
{COUPLED BY STOCHASTIC EFFECTS)

op
2 RICCAT) + zk ARUNOY
LOUPLED BY OPTIMAL PROJECTION)

PARAMETER
UNCERTAINTIES

LOW-ORDER
CONSTRAINY

OP/ME
2 RICCAT! + 2 LYAPUNOV
(OOUPLED BY OPTIMAL PROJECTION AND
STOCHASTIC EFFECYS)

g 9 — Opumal prowcction/ maximum ¢ntropy Jesign synihesiy
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STATE-OF-THE-ART ASSESSMENT OF
STRUCTURAL DYNAMIC RESPONSE ANALYSIS METHODS
(DYNAS)

D. J.

Ewins and M.

Imregun

Dynamics Group
Mechanical Engineering
imperial College of Science & Technology
London,

ABSTRACT

Following interest in surveys to assess
curfent capabilities in the fieid of measuring
atructural dynamic data, a new study (~odename
DYNAS) has been undertaken to make a
corresponding assessment of dynamic analysis
prediction methods., A test structure has been
vesigned and its specification distributed to a
nunber of organisations who have undertaken a
structural dynamic analysis of {t. The first
phase of results from the DYNAS survey have been
collected and compared and are presented in this
paper, including modal properties and various
responge characteristics (both frequency
respcnges and transient response historles).

The results trom 12 submissions are found to
exhibit a wide range of levels of agreement. It
18 curcluded that although accurate aralyses are
pousible, ¢ number of techniques used by
participants in the survey did not produce
reliable resvles, Sore forn of self-assessment
is con3idered desirabie Yor such coenlex dynamic
analysis tasks.

1. INTRODUCTION

The origins of the survey described in this
paper go back over 20 years "o the 'Round Robin"
exercige conducted by the Naval Research
Laboratory (USA) in order to assess the
reliabllity of the mobility (then impedance)
measurement methods which were becoming of
incrnasing !{mportance in the experimental study
nf structural vibration [1]. At that time, a
set of simple test structures were clirculated
amongst some 20 labovatoriz»s in the USA actively
engaged {n measuring mcbility d:ta. Thelr
respective estimates of specitied mebilities
were co'lated and ccapared. resulting (n the
reaiisuiion that 4 tolatively high degree of
unreliability ' existed in this process. Some
yea. 3 later, :n the late 1970 s, a similar
exercise was conducted in Europe under the
codename "SAMM' (State-of-the-art Assessment of
Moullity Measurements) [2], followed by a
restricted version in the USA. One of the
atructures used 1n this later exercise is shown
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in Fig. 1(a) and a typical result from zhe 15
individual measurements ol one of the specified
mobility parameters is shown alongside in Pig.
1(b), Clearly, the situation at that time
indicated there existed considerable ecope for
improvement in some of the testing techniques
used. The essential conclurion drawn from the
SAMM survey was that althsugh accurate and
reliable measurements of mobility (or other
forms of FRF) are gpossible, not all methods used
are capable of achieving the general)y-required
standard, and considerabie care is usually
required. Subsequent tou the publication of the
SAMM survey results, there have been proposals
for a standard or reference testpiece which
could be easily made and calibrated dy
individual laboratories [3], and it is probabdle
that some such reference will become more widely
used in the future,

The somewhat sobering experiences froam the
assenssment of structural dynamic measuremcnt
methods eventually raised similar questions in
regpect of the corresponding prediction
capabilities. Indeed, the SAMM IIB structure
illustrated in Fig. 1(a) was occesionally used
as a ‘testplece’ for predictiona of natural
frequencies and even FRF properties. However,
this is not an ideal design for such
applications, and its use in this role was
sporadic and varied. Thus it was decided that a
spec‘fic survey should be conducted alang
similar Jines to the predecessors but this time
focussing on the capabilities of prediction
(rather than measurement) methods. The survey,
codenamed DYNAS (Dynamic Analysis of Structures)
has now completed its first phase, the results
from which are of some interest and relevance tou
the dynamic analyeis methods in use today.

2. PLAN OF [HE SURVEY
The general plan for the DYNAS survey was as
follows:

PHASE 1
- Design a suitable test structure
~ Build and test the structure
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- Make refetence drawings of structure
Distribute details of the design (but not test
resulcs) to participants

Specify rejuirements for dynamic analysis

Collect ant collate the various results

- Rev.ew Phage I results

PHASE I

- Provide experimental results (together witn
collectad thase I predictions) and specifv
(reduced) analysis requirements for Phase II

-~ Collect and collate Phase II analyses

- Review Phase II results

e bR s e e e - -

Variors parameters wave to be spracified for
analysis ~ all of these being of significance in
the dynamic analysis of efructures - fncluding
inertia propervies, modal properties and
response charact:ristics.

At each stage, it was intended to make a
detalled comparison of the various predicticns
for each of the specified paramecers of
interest, but primarily amongst themselves.
Although comparisons were to be made witn the
experimental measurements, these were considered
to be secondary to the comparisons hetwcen one
predictior and the others.

This report considers the collected results from
Phase I of the survey,

3. TEST STRUCIURE

5.1 Specifications The structure to be used for
the survey was required to possefs a number of
features intendied tn ensure an erficient and
effective evaluation of the prediction methods
uged. Firqgt, the structure needed to be
complicated to some degree but without buing
unduly extensive. Thus, any complex features
should appear only once or twice and not be
repeated many times around the structure. (For
example, a complex joint should be included, hut
it need not be repeated 8 or 12 times as thisg
latter aspect metrely adds to thc extewnt of the
modelling requirements, and not to the
difficulty.)
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Next, it was decided that the model should
possess one plene of gymmetry so that a two-
dimens{onal analysis would be possible. Agaln,
this specification was imposed in the interests
of minimising the scale of the modelling and
computation tasks. Third, the structure was to
be ‘buildable™ sn that an actual testplece cculd
be constructed and tested for comparison with
the various predictions.

AT S
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The design eventually chosen

3.2 Design

;: consisted of a cylinder and an l-scction beam
i\ connected together through two reiativeiy soit
[ epring units, as {llustrated in Fig. 2. Fig.

ii
a{
-,

2(a) gives a general view of the proportions of
the structure while Fig. 2(u) provides more
details of the spring connectors. It wa~
anticipated that this design would possaess
vibration modes which were effectively (1) rigid
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bodies bouncing on the springs; (1i) beam
bending modes; {ii1) cylinder bending modes or
(fv) complete system modes.

3.3 Data Prcvided The Information provided to
participants in the survey consisted of the
following data:

Detajled dravings of the structure (see Fig.
3, for example)

Specification of master coordinate grid points
Measured data on the spring stiffness

- Force-~time i.istories (for transient response
analysis)

A1l trese data, together with details of the
analysis requirements were provided in a booklet
(4],

3.4 Preliminary Teste As mentioned narlier, a
set of prelinminary tests wcre made on the
gtructure, partly to eniu:c that the dynamic
churacteri{intlcs to be predicted were relevant
and partly to provide an experimental reference
against wnich to compare these predictions.
These measurements incl:uded estimates of the
structure mass, primary moldes of vihration, FRF
curves and transient responses.

4. ANALYSI> KEQUIREMENTS

4.1 General All the requirements for
partfcination in the survey, and the details
recessery to define the test structute, weoe
provided 1n a booklet (Ref, [4]). Although the
detailed modelling stage was left entrir:ly (o
the individuals taki.g part, there w. ' a number
of reference coordinates prescribed at vhich
data concerning mode shapes were to
specified: while each individu:l model would
use its own grid to describe the structure,
these 1A reference points were rejuired to be
ifncluded ir each, see Figure 4.

4,2 Required Results Data were required tn f{our
groups, .. _<rraining to various aspects of
structura] dynaalc wnalysi: .

The first group of dara concerned the bhasic
inertia properties of the structure and
included:

- the total mass (MC)

- the position of the mass centre (xg;, yC) T
- the moment of inertifa about the x-axis (!zz) o
These data were required in Tabular form,

o~
“ 7

The secund group of ddata cengistaed of the hesle ‘e
modal propert‘es of natural freyucncy &) and :J:«
mode shape ([@). ) for each of the modes in the R
specified trequency range ot ') - Z3U HZ., lhese -'-;;.'
data were required in tahbular and sketch form LY

and also included the number of modes (N).

it

5
The third group of data consisted of selected ’:}'
freq ency response functions (FRF's), comruted A f
in a standard format (lInertance, or 2\:
A
o
-
A
AN

o
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aceulevation/tuive} aver 2 gpecifind frocasn .y
caze (9~3500 Hz) anld with a standa.u iicquency
spacing. A uniform level of modal damping was
prescibed and four FRF plots were required:

- H H H and H (referred to
7,7* 77, 10 10,7 10,10
the grid’numberiné system shown in Figure 4.)

These data were required ir digital form.

The fourth group of data were transient response
predictions. 7Two separate single-point
impulsive excitation time histories were
provided as input information (see section 3.3)
and a small number of corresponding response
time histories to each of these in turn were
required from the analyses. The two pulses were
essentially a short duration one (identified as
Fl) and a longer duration one, F,, both applied
at grid point number 7. Participants were
requested to compute the displacement and
acceleration responses to each of these forces
separately, for the four key grid points 7, 8,
9, and 10. Once again, a value of modal damping
was specified to be applied to 21l modes.

The individual responses are identified as
follows:

- R7F1, R8F1, R9F1 and RI10Fl for the first
pulse, and

- R7F2, RB8F2, R9F2 and R10F2 for the second
pulse.

These data were also required in digital data
form.

This complete set of data requirements was
formulated in order to exercise the
participants’ capabilities to perform the
various stages of a structural dynamic
analysis: starting from the simplest level (of
inertia properties), through the ‘standard’
eigenanalysis for mode shapes and frequencies,
to the more demanding response predictions which
require the combination of the modal properties
both in the frequency domain (FRF’s) and in the
time domain (transient responses).

5. RESPONSE TO SURVEY

5.1 Initial Response The initial announcement
of the survey attracted some 25 organisations to
attend the preliminary planning meeting. Of
these, 20 agreed to participate although not all
succeeded in submitting results - there being
just 12 sets of data at the closure of Phase

I. Subsequently, publicity about the survey has
drawn interest from a wider area, and there are
several independent studies under way (not part
of the formal survey) in Canada, India,
Australia and the USA.

5.2 Data Submission All digital data was to be
submitted on magnetic tape (or disc) in an
agreed format, but in spite of detailed
specification of the requirements and options,
there were still many difficulties encountered
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ctoostaaaard data submiLolons.  An acditine
to the (inevitable?) corruption of cccasional
data files, there were numerous arrors in
labelling and formats as well as duplicated
files.

Perhaps more serious were the several cases
where the data indicated on the submission were
in fact different from those actually provided,
either by being the wrong units (often different
by a factor of 1000) or being a different type
of function (i.e. displacement instead of
acceleration). On some occasions, there errors
seemed to indicate less than ideal familiarity
with the analysis packages used to generate the
data being submitted: on others, simply poor
housekeeping practices.

5.3 Basic Statistics Although only peripheral
to the main results of the survey, some overall
statistics on the methods and resources used by
the participants are included here. Table 1
summarises the hardware and software systems
employed by the 12 participants whose results
are included, together with an indication of the
type of mathomatical model used to analyse the
structure, Also presented, in Table 2, is a
record of the approximate effort which was
expended on the whole analysis.

§. RESULTS

6.1 Introduction It must be streased at the
outset of the presentation of the results that
the primary comparisons to be made are between
the various predictions themselves, and not
against the measured data. Although comparison
with measurement 18 undoubtedly of interest and
relevance, it is secondary to a review of the
gcatter or variation amongst the different
analysis methods, For this reason, the
experimental data are presented later, in the

. Appendix, although in the same format as the

submitted results so that comparisons can be
made . .

6.2 Inertia Properties The simplest set of data
required were the basic inertia properties and
the results submitted are presented in Table 3.

6.3 Modal Properties The results presented in
Table 4 constitute a summary of the major modal
properties submitted., The far right hand column
indicates the number of modes predicted by each
participant for the specified frequency range of
0 to 2500 Hz, but for simplicity, only the nine
major modes identified as the first three
‘spring’, ‘beam’, and ‘cylinder’ modes have been
included in the Table. Figure 6 shows cxamples
of the.mode shapes submitted by three
participants for the first mode in each group.
It had been intended that some form of direct
comparison would be made of the mode shapes
themselves, but in the event, relatively few
gets were mass-normalised (a requirement) and so
only simple graphical sketches of the type shown
in Figure 6 were made.




6.4 Prequancy Response Plotms The next set of
resultes conslst of a group of four
- displacement/force FRF plots and examples of
these are presented im Figures 7, 8, and 9.
-Fig. 7 shows the complete set of predicted
curves for the point FRF H;, wvhil> Fig. 8
shows the corresponding plot’for the transfer
FRF, Hy 5. It will be noticed that an
extremely wide dynamic range is necessary on the
FRF modulus axis and partly as a result of this,
all the curves appear to be in relatively close
agreement. Fig. 9 presents the data from Fig. 7
in somevwhat greater detail by displaying in
three smaller frequency ranges - (a) 0 to 150
Rz, (b) 300 to 1300 Hz, and (c¢) 1300 to 2500 ,
Hz. From these plots it is easier to gauge the
level of agreement between the 12 different
predictions. It can be seen that although there
i3 generally a wide envelope encompassing the
different curves - and this would tend to
indicate a large degree of variation between the
results - there are a number of results (perhaps
5 or 6) which are in quite close agreement
amongst themselves. Attempts to relate these by
a particular FE code produced no correlation at
all, suggesting that the way the modelling was
done was more significant than the systea used.

6.5 Transient Response The final set of data to
be submitted were the transient response time
histories for the two specified input pulses, Py
and Fp. Samples of the results from this
section are showm in Figures 10 and 11, both
relating the acceleration response at point 7
(to the excitations applied at point 10). The
first of these is for the so-called ‘"hard’
impact, and it is seen that a very wide range of
response levels were predicted by the different
analyses. Of course, in displaying time
histories it 1s not possible to use logarithmic
scales and, as a result, it has been necessary
to use three plots for this first case, each
having a response scale an order of magnitude
(or two) different from the others. PFig. 11
shows a less severe result for the ‘soft’ impact
case.

7. DISCUSSION

We hesitate to draw sweeping conclusions from
the results presented in this paper. Our
experience from previous surveys is that the
correct conclusions are not always immediately
clear even though the results might seem to
suggest the contrary. Some care and
considerable thought need to be devoted to the
interpretation of the findings.

It is clear that there is a wide variation in
the various predictions of the dynamic
properties of modal parameters and responses and
that several of the predicted data must be
seriously in error. Others are almost certainly
good estimates of the parameters of interest,
and so 1t must not be concluded (from the
scatter) that accurate predictions cannot be
made. What 1s seen is that inaccurate
predictions can be made by poor analysis

62

wettyds. and thiz is probably the essence of the
riasiendons throughout, That being the case,
there is clearly some need for procedures which
could indicate the quality or reliability of a
given prediction so that a good analysis can be
identified (as, indeed, can a poor one).

The analyses which have been reported here were
undertaken in the most arducus of conditions in
that no one had any prior experience on
structures of similar design, nor were any
experimental data provided to guide the
analyses. Either one of other of these aids
would generally be available in a more
“practical’ application of the same prediction
techniques. Thus, the next stage, or Phase 2,
will seek to assess the methods of model
refinement or adjustment which are used in order
to develop the mathematical model which can be
used with confidence in dynamic analysis design.

It will be noted that direct comparisons between
the predicted results and the experimental data
have not been made, although some relevant
weasurements are included in the Appendix. This
procedure was adopted for a number of reasons:
the predicted responses used a uniform modal
damping factor which was certainly different
from that exhibited by the structure, the
experimental data were themselves subject to
error as the structure turned out to be
difficult to test and, as mentioned before, the
main objective was to compare one prediction
with another. One of the complications with the
testpiece was that the two-dimensfonal nature of
the properties produced by the analyses (i.e.
absence of out-of-plane modes) could not be so
readily matched by the measurements and several
of the lightly damped transverse modes are
clearly vis{ble in FRF measurements,

However, the results submitted for Phase 1 of
the survey have shown the existance of potential
hazards when making dynamic analyses for
structures, The need for some systematic self-
checking procedures in these analysis methods is
clearly identified.
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APPENDIX

Some of the measured data from tests on rhe
structure are included in Filgures Al to A},

In Fig. Al a plot {8 presented which compares
the various predictions for the natural
frequencies of the nine major modes wit: the
values deduced from tests. 1ldeally, a)l: polnts
ahould l1e on a line of 45 slope.

Figures A2(a) and (b) show the measured FRF

curves H and H respectively and relate
10 10 7,10

to the predicted results shown in Figures 7 and

8.

Pigures A3(a) and (b) show measurements of the
response at point 7 to the tranalent excitations
F, and F respectively and which compare with
the predictlons snown fn Figures 10 and 1.
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Discussion

‘Mr, Hamma tic Tecanoloxr): Can you

make .any comment about the case vhere you had
several users of the same finite element code?
Can you make any comment about the consistency
that you cbserved in the results that you got
with that tool, as opposed to the consistency
across the users of several different codes?

Mr, Bwins: We looked at the results for just
that correlation, and we could not find any. I
think one of the conclusions wve are lead to is,
it is the user, and not the code that 1is
critical, There are discussions about approving
or validating or licensing finite element

codes. It is quickly coming around to the
suggestion of approving or validating or
licensing the users, and not the codes,
there wvas no obvious correlation in that
sense,

But

Mr. Goff (General Electric): You had a set of

participants that seemed to get reasonably good

results for the low frequency end of the
frequency response function. Did you have a
gsimilar subset that seemed to be able to give
you reasonable results for the transient
response, at least to the soft impact? Was
there any consistency there at all?

Mr. Ewins: There is an element, but it is less
clear cut in the transient response; a number of
participants did get consistent results for the
transient response to the soft impact. But,
they were not the same people. We have not
shown you the hard impact results because they
are not digestable this early in the morning.

We had to plot them in three stages, the
standard range, which is more or less the same
scale as the experimental results, 1/10 of the
standard scale, and 10 times the standard

scale, The second and third of those groups are
not in the right ball park; but the others

are. For each of the cases with the frequency
response and the transient response, there is a
group vhich came out with something that looked
consistent among themselves, and perhaps the
uwost important, also in line with the measured
data.

Voice: Was the omission of constraints and
going to a free free case due to the fact that
the constraints would have complicated the case,
or were there other considerations?

Mr. Ewving: It was really because, in spite of
the comments from my learned friend here, the
experimental data would be more reliably
produced for a quasi free-free case than for a
quasi clamped case. It was also slightly
deliberate, malicious you might say, because the
analysis packages sometimes have more difficulty
coping with the zero frequency modes. In trying
to exercise the analysis procedures, that was
felt to be a little bit more demanding.

Mr. Tustin (Tustin Institute of Technology:
What sort of estimated man hours would so into

64

an analysis such as this, asssuming that one had
the tools with which to do it?

Mr. Ewins: I have a plot which shows that, and
it also shows the number of modes that the
participants found. We asked the participants
that question, and there are the results. It is
a ratio of 10 to 1 in the effort put into °“*,

Mr. Tustin: How mory hours would it teke in
build the physical model, the act.uial hurdwearsy
Did anybody fake what they turned in?

Mr., Bwins: I do not know whether anybody built
one , I hope they didn't. We had a slight
problem with the threaded two-section cylinder
because, when they put the two parts together,
they found they had rsade the two threads of
different pitches. We had to make a second one,

Mr, Paladino (Naval Sea Systems Command):
Several years ago we kicked off the "Uncle Sam"
project at San Diego. I think what is missed by
the audience is, when the U.S. participated, we
selected the real experts. You did not give the
results of the U.S. program, but they were
poor! We had one expert who missed the first
fundamental mode. Here we are going into ’
amlytics, and ve haven't solved the
measurements problem. How can we get to the end
if we don't know hov to measure? How can you
amalyze it? It is very difficult. You people
are the experts of the United Kingdom. What
would you do if you turned the project over to
senior engineers who are not the experts you
are? How can we get there? We should go back
to the basic measurement and find out why we
failed there with known structures, and then
proceed to the analyties.

Mr. BEvins: I said earlier you have to be
careful about the conclusions you draw; it is
tempting to draw the conclusion that we cannot
collectively measure or analyze. That is not
vhat the results say. The results say that it
is possible, and a large number of the
participants were able to make measurements
which correlated well with other people's
measurements and with their predictions. What
You see here is a mixture of successful results
and unsuccessful ones. The eye is drawn to the
scatter produced by the numbers, 20%, 30%, or
50% of the poorer results. One of the
conclusions which is buried in there, and is not
immediately obvious, is, it is possible if you
do the right things. If you use the right
measurement techniques you can get consistent
results, and ones which agree reasonably from
one lab to the next. If you use the appropriate
analysis techniques you can get sensible
results. But what shows up more dramatically
is, if you don’t use the right techniques, then
you can get nonsense. I do not think 1t i3 a
question of different nationalities.

Mr. Paladino: WNo, I Want to go back to our
experiments. We told the people where to put
the force, where to put their pick ups, and to
glve a dynamic caliberation of their total



" instrumentation. These were experts. These
vere mobility measurement experts. They

failed. These people knew what they were )
doing. There is something basically wrong as to
vhy we cannot make measurements and come out to
what we should. We heard a paper yesterday,
wvhere someone spent $20,000 to analyze a simple
four legged foundation, and could not come up
with the answer.

Mr.Ewins: I repeat, the difficulty lies in
getting the right conclusions to this., I am
sure, on the measurement exercise, if you looked
at the way the measurements were mede, as we
did, bdlow by blow, participant by participent,
you can identify some areas of bad practice.

You can certainly say with hindsight; "Well that
is the reason why that particular result missed
the fundamental, or whatever." I do not think
it is a situation that we cannot make the
measurements, it is Just that we are often not
careful enough in both the measurement and the
analysis techniques. If one is careful enough,
and Rich's last slide is quite valuable, because
I think the secret to all this is to be very
skeptical about everything that one does and all
results one gets. Question everything and check
everything. There were obviously cases where
simple checks were not made. Results came in
where the mass was off by a factor of 10. When
you get on the telephone, and you ask; "are you
sure you got three kilograms, everybody else
thinks it is 30 kilograms.” That shows a lack
of checks. It is not the fault of the analysis
procedures, it is the way they are used. That
is the difficulty, we do not always use the
techniques properly.

Mr., Windell: Let me I add something from a
participant's eyeview. Do not forget we asked
the participants to bear their own costs, both
comruting and man power costs on this; this
tends to get you to rush things, and not do the
checks properly., So in doing that, we have
actually encouraged the scatter that there
really was. I think from the participant's
point of view, it ought to be said, it was do it
in your lunch time and that sort of thing. For
me it was all right, because we do not have
explicit costings like that, so I can lose it.
But, for a commercial organization, it might be
quite a constraint.

Mr. Ewins: T should add that the details of the
structure are available to anybody that is
imterested. We have sent them all over the
world. Unlike the measurement survey, there is
no overhead involved. You do not have to ship a
gstructure around so all you need is a little
booklet with the details in it. Our experience
with the measurement survey 1s, that having seen
the results is no help. So, if anybody is
interested, we can 3end copies of the booklet to
anybody who wants them.

Mr. Smallwood (Sandia National Laboratories):
1t seems to me you are building a case for the
necesslty of always doing experimental,
analytical, model verification. 1If you have

65

both the experimental results and the analytical
results, and they don't compare, then obviously
you have to spend some time trying to figure ocut
which one'is wrong. But if they do compare, it
geems like you would at least get some kind of a
wvarm feeling that perhaps they are both correct.

Mr, Ewins: I guess we have an ulterior motive
which you have put your finger on; ve believe
that a lot of predictions should be backed up
with tests, not necessarily the whole way, but
components at various stages. Some of these
results support the contention that you can't
rely on predictions. As you said, if you get
correspondence between your measurements and
your analysis, and if you feel comfortable about
it, you obviously have both sides almost
certainly working correctly. However, behind
this is the suggestion that testing has a major
role to play in validating models before they
are used in the ultimate design process.



Table | — Hardware, software and model 1ypes used in the survey

The figures in brackets refur 1o the number of patticipanis

Herdware

18M (§-))
OEC 3
Prime (2)
8perry Univac (1)
Amdahi n

Softws -«

PAFEC

NASTRAN

BERDYNE

ass

VOSTAN

COUPLE

(§-))

(2)

(2)

h

Model type

Beam aits only (5)

8hell e¢its only (5)

Beam & plate eolts (1)

Beam & shell olts (1)

Participant |
Man hours 50

| 8

80

Table 2 — Time spent on analysis
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Table 3 — Inertia Properiics

L

Participant Mass Mass Momant Xa Yo
/ (%q) (xg.n?) (m) (m)
. —— - -
r’l
i 1 3.8 2.00 0.49¢  -0.10
,".: 11 33.9 3.37 0.494 -0.116
o 1 22.2 2.99 0.493  -0.103
:'_'.'. v 2.0 2,94 0.49) —0.102
o v 32.3 2.9 0.493  -0.102
vi 32.2 2.06 0.490  -0.102
\ vz 2.2 2.0 0.433 -0.102
::-j vtz 31.3 0.20 0.493 -0.10% ]
P" co
1x 3.0 3.00 0.430  -0.090
o~ x n.e 2.90 0.493  -0.097 u‘;
xt ns Ns NS xs j
'{fj: X1y 3.6 2.36 0.493  -0.100 "

) |
=

P'- ) ‘_‘
b
- XG = Abscissa of the gravity centre :fj_
- Yg = Ordinate of the gravity centre e
- b..'

NS = Not submitted
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Tuble 4 = Muaour modes of the DYNAS Structure
Natural Frequencies (H 20
Participant 51 S2 S3 Bl B2 Bl Cl1 c2 C3
I 54 74 - 503 1464 2552 630 1670 -
I1 45 61 - 440 1130 2110 518 1380 -
III 54 73 67 5)2 1380 2385 561 1553 2503
v s7 s 80 434 1080 1645 544 1436 -
v 59 - 188 694 1608 2313 566 1565 2494
Vi 54 74 04 440 1125 1920 $30 1355 2384
Vil 54 73 - 370 306 1580 553 iize -
VIII ss 75 - 570 1574 2573 617 1588 -
IxX 55 75 96 424 1052 1571 534 1435 -
X &5 7% 110 428 1u4e 1559 945 1478 -~
X1 55 75 123 445 1137 1935 537 1365 2313
X11 a8 51 74 461 1140 1708 493 1358 2389
Min 38 s 6?7 370 908 1571 499 1126 2379
Max %9 75 188 644 1608 2573 630 167C 2503
Mean 54 68 103 473 1220 1998 553 1442 2420
Measured 59 80 118 426 1072 2Cc02 532 1470

S1 = Vertical extension/compression on U-springs (Y diract:on)

= Horizontal exxtension/compression on U-springs (X direct:on)
= Rotation on U-springs (®, diracticn)
First 1-Beam bending
Second |-Basam bending
Third I-Beam bending
First Cylinder bending

= Second Cylinder bending
Third Cylinder bending
Number of modes (Including rigld body modas}

NOM =

68
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THE DYNAS SURVEY - PART 2:

MAVEALL T TMISTLC W LoV o ME B B3 BT ® e B B m el mam weme w oA w e i = - w - w - — L _

A PARTICIPANT'S VIEW

R. W. Windell

Admiralty Research Eatablishment
Portland, Dorset, United Kingdom.

Various posaible Finite Element modelling solutions for the DYNAS
structure are explored. The author's solution and modelling assumptions
are presented and final predictions compared with measu'ed data.

Good agreement is demonstrated for the "soft" impact with poor
agreement for the '"hard" impact due to modelling limitatioms.

INTROWCTION:

The DYNAS survey invited a number of
organisations to take part in mathematically
modelling a defined structure to predict the
response to both harmonic and transient forcing
functions [1]. The object of the survey waa to
compare the results presented bty each
participant to examine the varjability of the
modelling techniques used and thereby assessa
the "state-of-thee-art'" for dynamic modelling.
The collation and analyais of the data
rubmitted were carried out by the Mechanical
Engineering Dnpartment of Imperiaml College of
Sciance and Technology, London. The general
findings of the survey have been presented in
part 1 by Professor D. J. Ewins; this part
attempts to provide a "particivant's view" of
the activity,

Approaching twenty participants within
the U.K. took part in the survey all with
different modelling experience, analysis
methods and modelling philosophier., Furthermore,
since the co:its of the individual analyses had
to be borne by the particiuvan' organisations,
very different amounts of time and effort were
devoted to the problem,

This part of the paper attemots to
explore the problems and considerations
involved in modelling the structure aeen
through the eves of one participant - the
author. Although any mathematical or
computational technique could be used, the
majority employe? Finite Element (F.F.)
modelling including the author. Conseguently,
this paper restrictes comment to F.E. modelling
of the structure and examines porsihle
alternative strategiesn, The model develoned by

91

the author is presented with apecific reference
to the modelling assumptions used and some
results from this wodel are discussed and
compared with measured data.

It must be atressed that the modelling
approach presented here is not intended to be
regarded as definitive, but merely one for the
purposes of discuesion.

THE _STRUCTURE:

The complete astructure has been
described in part 1 and a sectional view
showing the most important features ia shown in
fig. 1. A non-uniform circular cylinder {s
connected to the flanges of a tapered I-beam by
means of four springs and two thin straps. The
springs themselves take the form of U-straps

and various packing pieces and bolts are used in

the complete asssmdly. In exploring modelling
the structure aa a whole, the problems
associated with each component are discuased in
turn.

THE CYLINDER:

The cylinder is made in two pa,ts with
an off centre screw joint. The wall of the
cylinder is locally thickened at the joint and
a rebats is cut at the shoulder of the thraad.

A sketch of the cylinder is presented in fig, 2.

Note that a)) dimenaionr are expreased in
millimetres.

When contemplating the modelling of the
cylinder, the following points might be
considered:
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Is the rebate significant?

Are circumferential harmonics
important?

The cylinder is not of constant
thicknessa.

Ia the cylinder "thick" or "thin"?

Modellinp a screw jicint using F.E. {8
not simple, and in general, is likelv to be
unreliable, If the ioint is loose fitting then
opening and closing gaps may hbe significant end
the stiffneas of the joint effectively
undeterminable without measurement. Such a
joint 15 also likely to exhibit non-linear
behaviour. In this case the screw joint is
quite long, positively butting against the
shoulder when assembled. It may therefore he
reasornable to assume that the joint may he
ignored except for the local thickening of the
cylinder wall. This is also the most convenient
and inexpensive annroach.

In peneral, the modec of such a
cylinder are combhinations of beam hending,
circumferential and torsional harmonics. Any
torsional behaviour is not required in this
survey and the ordering of the remaining modes
depends on tha geometry of the cylinder. Since
this cylinder {s not especially lonp nor
espeeially thick it i= difficult to judge if
either of the tvpes of modes may he ignored.
Modelling the cylinder as a heam using heam
elenents of the arnrorriate cectional
properties is easv and inexpersive but cannot
predict circumferential harmonics. To model the
cylinder fully is considerahly more difficult
and expensive, reduirins either flat shell
e)lements, semi-loof elements or thin shells of
revolution. ™arthermore, the choice of slement
will also depend on whether the cylinder {s
thick or thin. in this case the average
thicknes~ to diameter ratic {s about 0.1 and
therefore may he considered as thin,
Consequently, in this ecase, any of the above
shell element- may be used and full modelling
at some stage seems advisable,

THE I-BEAM:

A sketch o the I.beam is presented in
fig.3. It is of ~onstant section for half {ita
length, the remsining half having a uniform
straight taper. The to1. and bottor flanper are
wide in relation to their thickness, but the
thickness of bhoth flanges and web are the same,

There are three possible approaches to
modelling the beam, Flat nlate elements {s the
most obvious but beam elements might be
considered or a comuination of bhoth. To uae
beam alements recuires different averaged
properties per element for the tapared portion,
Furthermore, beam elements cannot model the
behaviour of the flanges, which since they are
wide, may be sipnificant., It perhaps would he
hattar tn model the weh of the beam with flat
plates and the flanges with beams. This would
overcome the problem of the taper hut the
flange width problem would remain.
Consequently, the most satisfactory arproach is
to use flat rlate elements for the ertire beam,
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THE SPRINGS:

The springs are made in the form of
deep U-rtraps from sheet spring steel with two
holes in each '"leg" for fixings. A aketch of
the springs is presented in fig.%. The spring
stiffness i{n the vertical direction when
mounted within the structure is given by
implication from the resonant frequency given
in fig.4. However, there further considerations
for modelling, namely:

What are the twisting and sideways
stiffnesaes of the springa?

What is the effective stiffness of the
bolted mounting?

There are different contacts under
compression and tension.

During the transient response do the
aprings “'bottom™?

If the spring stiffnesses in all
directions had been given, then moaelling of
the springs would have been trivial and could
be most easily achieved using spring elements,
However, in this case some stiffnesses are
unknown and can only be obtained by modelling.
The aprings themselves are thin and therefore
may be modelled using either flat plate or
semi-loof elementa, Furthermore, each spring
has four holes which ars likely to influence
the stiffness and therefore should at least be
conaidered in the modelling. Finally, if flat
plate elements are used around the curve of the
springs then they are likely to give a slightly
over-stiff pradiction.

THE FIXINGS:

The complete structure is assembled
using various fixings shown in fig.1 including:

Twenty bolts.
Two straps.
Ten packing pieces.

Such fixinpgs are in general difficult and
expensive to model and some decision must bes
taken as to their significance.

The eimplest approach is to ignore any
effects except that of their mass, and
incorporate this effect using correctly placed
mass elements. However, this is clearly not
actually correct failing specifically to model
the stiffness of the bolted jointes and assuming
"single point'' contacta. Alternatively the
bolts could be modelled as stiff springs, but
their actual stiffness would depend on the
torque to which they are tightered which is not
defined. The packing pieces could be modelled
using 3D Lrick elements and the strapa with
thin semi-loof or shell elements. Again the
pre-tension in the straps is not defined.

Finally, in mcdelling the assembly the

following additional information should be
considered:
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FIG.3. DETAILS OF THE I~BEAM
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stiffness of the spring pair in a conflguration Elastic modulus = 207 GN/m2

similar to that of the complete assembly, Density = 7850 Kg/ms

Poissnn's ratio = 0,30

FIG.4, DETAILS OF THE SPRINGS
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The structure has a frase-free support.
Measured transient forcing functions
are given.

Tranaient time«step defined.

Damping value defined.

F.R.F. range up to 2500 He.

THE AUTHOR'S MODEL:

As has been indicated previousaly in
this text, the model representatisn depends
alwost entirely on the assumptiona made by the
modeller. Consequently, the author's main
assumptions, on which his model is based, are
as followsa:

1. The cylinder may be modelled as a
beam.

2. The bending stiffness of the
cylinder is not affected by the
screw joint.

3. The straps do not affect the
stiffness of the cylinder.

4. T™he springs are linear in all three
direccions with identical stiffness
in tension and compression.

5. The four springs may be representod

by two spring elements tstween the
beam web and cylinder.

6. T™e fixinga only contribute to the

local mass and therefore may be
represented by local mass elements.

7+« The system is linear.

A diagram of the author's model is
presented in fig.5. The oylinder is represented
by eleven straight uniform beam elements type
34100 (2] with two of the eleven representing
the thicker portion around the joint. The
neutral axes of the beam slements are aset
along the central axis of the cylinder and a
material module written to exactly model the
material properties defined. The decision to
model the cylinder simply as a beam was checked
first by modelling the cylinder alone to prove
that circumferential harmonioce were not
significant up to 2500 Hz. This was done using
thin shella of revolution which are efficient,
accurate and inexpensive and which can be used
quickly. An alternative approach could be to
estimate these harmonics using empirical design
codes or data sgheats,

The I-beam is represented by 120 eight
noded thin quadrilateral flat shell elements of
type 44210 [2]. Both the web and flanges are
divided into two along their centre-lines to
preserve good proportions for the element
geometries. Another material module was defined
and the density was factored to allow for
overlapping material at the jointa hetwaen the
web and the flanges. Thias overlapping comes
about because the beam geometry is defined
along the mid-thickness lines with elements of
the appropriate thickness. Consequently, some
of the intersecting volume is uased twice in the

- o~
BBE=
%

A

FIG.5. GENERAL VIEW OF THE OVERALL F.E. MODEL USED
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mass estimate, The element mesh ia so arranged
that there are nodes in the correct position to
join to the spring elementa,

The four springs are represented by two
spring elemunta type %0100 (2] whic¢ch have three
translational and three rotational atiffnesses.
The appropriate values for these atiffnenses
were calculated by again modelling a spring
alone, including fixing holes, as shown in
fig.6. The sprinp model uses 124 thin flat
plate elementa again with un appropriate
material module, The accuracy of this model waa
verified by modeliing the situation depicted in
the inset of fig.4 and the frequency of the
vertical mode checked to be 33,6 He. With this
confidence in the model, static analyses were
performed to give the required stiffnessen,

Finally, the mass of the bolts, fixinrs
and packing pieces are added to the model by
{ntroducing four mass elements tyne 30200 €21,
Two mass elements are positioned on the axis of
the cylinder each representing the upper and
lower blocks, upper and lower packing nieces,
six bolts and the strap. Another two masses are
ponitioned on the top flanga of the I-beam each
representing the aupport and four boltas,

The resulting comnlete model enmprises
the following:

425 nodes,

137 elements.
222% D.C.F.

The model wns run on a DEC VAX 11/780 computer

T EF TR I T T I I N EF A E T TV I N VS FUT T TR D AR TP OV R D DA TR

4L megabytes of core and used a total of 1.8 CPU
houra for all analyses and check runs. The
modelling activity required a total of 300
hours man-time, but this includea the use of
the activity as a training exercise for two
students,

RESUVLTS:

The predicted mass properties for the
structure nre as followa:

1. Total mass - 32,0 ke predicted.
32,0 kg measured.

2. C.5. position - (0.L03m, <0,102m),
Measured valuea not available.

3. Mass moment of inertia - 2,94 kgmp.
Measured value not avajlable.

These results display a nateworthy point.
Although it {s easy to weigh such a structure,
the phvsical measurement of C.G. position and
inertia are difficult. This illustrates an
imrediate advantage of an F.E. model providing
it i8 accurate.

The next results to be obtained in the
usual senuence of analysis are the modes and
frequencies from an eirenaoclution, Thess are
not presanted here but the reader in referred
to part 1 hy Professor Ewins, It should be
noted that atrictly, pictorial comparison of
mode shape is insufficient. The values of the

ROTATIENS
X 214
Y. 206
1l 274

FIG.6. DETAILED SPRING MODEL USED TO DTERMINE THE STIFFNESS
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eigenvector for the particular mode should be
correlated with the squivalent measured data
where available.

An indication of the accuracy of the
prediction of a Frequency Response Function -
F.R.F. is preaented in figa. 7, 8 and 9. ‘This
represents a point prediction and is one of

four that were requested. )

' Consider fig.7. Generally very good
agreement is demonstrated hetween the predicted
and measured results [3] with, perhaps, the
exception of the damping. However, the damping
was defined prior to measurement for use by all
participants. This illustrates the real problem

-40'0 H T — T T
: |
z 1 MEASURED DATA ]
€ PREDICTED DATA
T -70-04 1
[ ¢]
E -
[}
2 +
3 J
a
o -100-0¢t ,
x
w 4
u i
4
«
[ -
a.
8 o ,
O -130-0
a
t 1
-160-0 s — L
0 60 90 120 150
FREQUENCY (Hz)
FIG.7. COMPARISON BETWEEN MEASURED AND PREDICTED RECEPTANCE UP TO 150Hz
-100:0

-130:0

RECEPTANCE MODULUS (dB re Im/N)

T A

---~Measured Data 4
Predicted Data

N A
e A
KXY : \
\‘:
5 |
| .
-1900F |}
-2200 ) L ! \
300 500 700 900 1100 1300

Frecquency (Hz)

F1G.8.

COMPARTISON BETWEEN MEASURED AND PREDICTED RKCKEPTANCE BETWEEN 300 AND 1300H=
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of entimating damping in any structure which
must be put into any F.E. model aa data. At
very low frequencies (5Hz) there appeara to be
n anomaly in the measured data; thia is
possibly a suaspension resonance, Furthermore,
there iz a false prediction at about 35He.

Fig.8 shows the same function but this
time between the frequencies 300 and 1300He,
Although the general level of the prediction
agrees with the measuroment, the comparison is
worse than irn fig.?. Fig.9 shows the data
between 1300 and 2500He., Again the general
level is fair but the agreement is poor.

The above ohservations clearly
reinforce the well known fact thnt the accuracy
of any dyaamic F.E, model decreases with
frequency or mode number. Only the lowest third
to half of the modes ¢an be expeoted to be
acceptably accurate,

Fig.10 preaents one of eight transient
responae comparisons for the "soft' hammer
impact. Excellent agreamant has been achieved
here, the major discrepancy being a mlight
mismatch in freauencies leading to an
apparently poor agreement ahove 25msec. The
response is dominated by two modes, A aprinp
""bounce' mode at 57Hz and the first bending
mode of the I-bear at 43%3Hz, It should be noted
that the presented data ia acceleration and
therefore represents an effective posnt-
proceasing of the F.E. data since the problem
{8 actually solved in terma of displacement,
This point again illustrates an {ntereating
comparison between modelling and experimental
techniquea. The murvey required that transient
accelerations and displacerments be produced,
However, the measurements only yielded
acceleration since the accuracy of results
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obtained by double integration of accelerometer
aignala are believed to be unreliable. Yet the
predictions are effectively diferertiated to
give acceleration and still give acceptabdle
resulta, Furtheramore, cloae examination of
fig.10 reveals that the measured data is
‘‘trended" towarda the negative direction. Thim
is poassibly due to the l)w frequency suapenaion
resonance since the true free-free condition ia
of course impossible to meet experimentally.

It would be wrong to auggeat that all
the transient prediction:; are as good as fig.10.
Results for the 'mard' hammer impact are poor
by comparison and examination of the frequency
bandwidth of the model mmy raveal why. Fig.11
and 12 presents the spectral moduli of the
input forecing functions for the ''msoft" and
“hard" impacts reapoctively. The author's model
was developed to predict behaviour up to 2500Hs
an prescribed by the rejquirements of the
harmonic analysisa, and the frequency content of
Lthe transient forcing functions were
unfortunately overlooked, The comequence i{s that
although the model bandwidth satiafactorily
sncompasses the "moft'' cace, it &s clearly
inadequate for the '"hard" impact. However, an
attempt to widen the bandwidth of the model
might {trelf prove difficult. From fig.12 §t
may be seen that asuch a widening ahould extend
the urper frequency limit up to about 10kHe, In
doing thia an alarring number of new modes are
likaly to become asignjficant and since two or
three timea this number will be needed for the
required accuracy an F.E, solution seems
uniikely.
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CHECKING QF PREDICTIONS:

In this paper the predictione of zne
specific model are presented for compzrison
with measured resulta, It muat be streased
howsver that thia was not the prime jinterest of
the survey nor the way in which the author's
model was developed. All truly predictive
analyses, espacially for complicated structures,
need independent checks tu indicate the
accuracy of the resulta. These may be simple
'hand calculations” or involve more
sophisticated techniques. 'he checks carried out
by the author in this cane nre presented below,
The 1ist is by no meansn :xhaustive.

1. Calculnte mass and .G, position oy
hand,

2. Check the beam assumption for the
cylinder with a shell analysia of
the cylinder alone.

3, Calculation of additional spring
atiffnensea required by modelling
the spring alone. Verification of
thies model by reference to the
ainple ypiven valat,

L, Fxamination of the mode shepes for
“"oddities',

5. Examination of the~ F.R.F.x for
"oddities'.

6, Checking of "rigid body"
displacements by rigid Lody
mechanicr.

?. Examination of the transajent
responses for "odditiea",

CQUNCLUSION:

The most useful conclusion {s that an
F.E. model can be consatructed for such a
problem and can give valuahle results hut great
care is neaded in §ts preparation., Consequently,
the F.E. modelling techn.que for structy,.,(al
dynamic problens is not one which can
necessAarily be carried out by the inexperienced
or novice modeller. Beware «ll models give mome
results.
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COMPUTATION OF EXCITATION FORCES USING STRUCTURAL RESPONSYL DATA
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Royal Naval Engineering College, Manadon
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impacts.

A finite difference technique is described that permits tne computaticn
of excitation forces from measured response data in conjunction with a
spatial model of a structure. The method is illustrated using a beam
structure in which a model was developed from an experimental modal
analysis. Single and multi-point impact excitaticns were investigated.
It is shown that accurate predictionr of the excitation forces are
possible if responses can be monitored at the locations of the applied

INTRODUCTION

hodern computed based techniques enable
designers to predict the dynamic response of
structures to anticipated loading conditions.
Reliable models may be developed using finite
element techniques or experimental methods.
Proviced that the excitation forces are known,
accurate resgonses may be calculated usirg
either a time domain approach (such as Newmark's
[1] finite differencc equations) or a frequency
domain approach based upon frequency response
functions,

In many instances such as explosive load-
ing or loading within a hostile environment it
is not possiole %o obtain accurate information
about excitaticn forces, In these cases
excitations can be approximated using empirical
relationships or extrspolated using functions
developed from experimental trials. However,
these functions often represent gross simplifi-
cations of the real loading conditions and are
usually restricted to low frequency information,

A nuuber of attempts has been made [ii, ﬁ]
to invert the response from excitation,
Frequency dorain mode.s have been applied in
order to celculate the excitation forces from
measured response data. Hewever, it has been
showa |4, that this approach is highly sensitive
to errors in the frequency resnonse function and
the Fourier transfocrms recessary to perform the
analysis.

The aim of this paper is to describe a time
domain technique based upon finite difference
equations anc¢ a rodel based upon experimental
modal analysis.

THEORY
Development of Model

Using experimental modal analysis, it is
possible to extract the natural frequen-nies,
damping and mass normalized mode shapes of a
atrurrure,.  Previded the wuwnber of measurement
locations is equal to the number of resonances
considered, assuming "light" and proportional
damping, the equivalent mass, damping and
stiffness matrices may be computed as:

B o= [T M

()~ el e I @

fc; ~ BT ey o)™ (3)
where

}.Cr] - iizcrwr J

{¢] = mass normalized rode shapes:

Eﬁ} = mags ratrix

[Ki « stiffness matrix

'C}] = damping matrix

“r :] n diagonal matrix of eigenvalues

£_ = modal damping coefficient
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Calculation of Responses from Known
Excitations

The equations of motion for a linear

system may be represented by the matrix
equation

6 (x) + [k} + [K]{x} = (£} )
Where [:M], [:C] and [K] are N*N mass,
damping and stiffness matrices respectively

(N is the number of degrees of freedom in the
model) and {f} is the vector of applied forces.

Using the finite difference equation [i]

. o hi, "
(} ,, = (k1 + ,[{x}n + {x}nﬂl (5)
{x},, = (x}_+hix}_+ [,} - e]hZ{sz}“
+ Bh2(&} (6)

it can be shown that the displacement, velocity
and acceleration responses are defined by: [5]
and [6].

D) G, = [B)ex), - [ xt | + 8n?
({f}n+l + (% - 2]{f}n + {f}n_I] ep)

B) )y = B0, - [l _, + &

[{f)n+l - {f}n_,] ®
[D]{x}n” = [B] &, - [F] x} _, +
[{f}nﬂ - 2g)_+ {f}n_,l o)

where
(o)
[e]
(¥]

() + 5 [ + en2 [x]
2] - (1-28) w2 [K]

B - 5[] + en2

and
h = time step size

B = parameter defininz the "form" of the
acceleration during the time step [}

n+l, n, n-1 = subscripts denoting force
and response at times (n+l1)h, nh and (n-1)h.

These are "three-point" finite difference
e uations that permit calculation of the
responses at time (n+1)h from a knowledge of the
responses at times nh and (n~1)}h and the forcing
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functions at times (n+!)h, nh and
(a~1)h.

Calculation of Excitation Forces from
known Responses

It has been shown that equatioms (7), (8)
and (9) cannot be re—arranged to yield the __
excitations forces from measured responses Eﬂ.
Thus an alternative formulation is necessary
to obtain the forces. Using the central
difference equations:

. I
{x}_ = 1;h-[{x}w - {x}n._]] (10
- }
{x}n = ;5[{x}n+] - 2(x}n + {x}n_,} ()

and substituting these into equation (1)
yields:

h2{g}_ = ([M] + (h/2)[C]){x}
n n+i
+ (h2[K] ~ ZBQ){x}“

+ (] - (v fehta _, 12)

Equations (7), (8), (9) and (12) may
be partitioned to permit the solution of mixed
boundary value problewms in which forces and

‘responses are known at specific (but different)

locations. To this end, "Selector' matrices
[E] and {H] are introduced [5] defined as
follows:

[E] diagonal elements of 1 for known
forces and 0 for known responses.

[H] diagonal elements of 1 for known
responses and 0 for known forces.

(NOTE: [E] + [H] = Identity Matrix).

To facilitate computation, equations (7)
and (12) may be re-written in the forms ie

([E][D) + mZ/&)[HD Y, = [E]{e}
+ (m2/a)a} (13)
hz{f}n = [H]{e} ,, + 1? [E]{n}n

+ [H] m2[X] - z[M'_]){x}rl (14)
where

fo} = [Blix} - [Flix} _, + (n2/4)(2(£}
+ (£} )
ted ;= (I + (/2 Ehix}

+ (M - w/alehix
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and (n)n*l « N X | vector of input data at

time (n¢1)h that represents the known excita-
tious and displacements.

These equations differ from the backward
difference equations quoted in reference {}J.

The solution of the equations may be
achieved directly for a quiescent structure
without the need for sepaiaie two-pnint _
formulations at the initial time step lﬁ'.

EXPERIMENTAL STUDY

A double cantilever gtructure, figure I,
fixed at the centre, was used as the test
structure. Ten measurement locations vere
selected as shown, although only one arm of
the model was investigated in detail. An
experimental modal analysis was performed over
a frequency band encompassing the first six
natural frequencies of the structure (160 Hz
to 1600 Hz). Using the results obtained from
locations ! to 6, equivalent mass, damping and
stiffness matrices were formed using equations
(1), (2) and (3).

1 2 3 4 [} [} 7 8 9 10
Oty - {\F’_,g,gs’gs!hzsgggg
Figure | The Test Structure

In order to test the validity of the model,
the structure was excited with s measured
impact load at location | and responses vere
computed at locations | to 6 using equation (9),
The computed results were compared with those
measured using accelerometers mounted at the
aix locations on the structure. Figure 2 shows
a typical comparison between measured and nre-
dicted acceleration responses resulting from a
versed-sine type of force input.

Measured
Predicted

WL |
N ﬂgf“‘%, fh‘j

Time (m3)

Acceteration (m/s?)

Figure 2 Comparison of Predicted ard Measured
Acceleration Response at Locatiou 2 for versed
sine Impact at Location 1.

Different time step sizes were employed in
these studies and it was concluded that a step
gsize of 20 us (ie approximately 30 pecints in
the highest mode) yielded very good agreement
between the predicted and actual acceleratior,
response. In all of these trials a value cf
0.25 was assumed for the B pavaneter (ie
constant acceleration during each time step).

Additionally, responses at different
locations were computed using the measured
response at the point of impact as the
excitation in equationm (!13). A typical result
is shown in Figure 3.

—— Mesaurag T

""" Pradictea

(13

5
T

3

Acceleration (m/s?)
°

-20

Time {me)

Figure 3 Comparison of Predicted and Measured
Acceleration Response at Location 5 using
Measured Response at Impact Site 1.

The agreement achievad in these experi-
ments indicated that the spatial model derived
from the modal analysis was an accurate
representation of the strructure under study.
Further, the finite differ<nce equations were
shown to be stable and to produce minimal
frequency and amplitude distortion.

In order to investigate the prediction of
applied force, the structure was impacted at
site | and the force and response monitored at
this point. Using equations (13) and (14) the
force was predicted from the wmeasured response
and compared with the measured history as shown
in figure 4, This involved & numerical inte-
gration routire to convert the accelerometer
data into displacement data for substitution in
equatior, (13). Tt was noted that the analysis
was capable of predicting the force history
during the impact to within 5% btut that in the
post-shock period the predicted force continued
to oscillate and showed divergence as shown in
figure 5. A similar behaviour has also been
reported in reference 2  in which the analysis
was based upen a freguency domain approach.
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Figure 4 Comparison of Measured and Predicted
Force at Site | using Response Measured at
Site 1.,
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Predicted

L3 o
g
-
o
3
X
FPRING ¥ S VYUY ST OO W AP oy A
° T S M e i
o : L N LA
f_ . . I‘ ey N \
R
[ L 1 1 i 1 1 i 1 1
w20 30 4 80 [ 70 80 0
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Figure 5 Post-Impact Ripple and Divergence

The case of multiple impact was also
inveatigated in which two forces were applied
and the resgponses measured at the two impact
locations. Figure 6 shows a comparison
between the tieasured and predicted forces.
Again it was shown that the analysis was
capable of accurate results during impact but
tnat the solution bucame unreliable in the
post-impact phase.
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40

—— Measured
L o - Predicted
K 20
<
®
9
5
w 10

[ 23 K 78 1.0 1.28
Time {ms)

Figure 6 Comparison of Measured and Predicted
Forces for Multiple Impact,

DISCUSSION

The results of this study have shown that
experimental rodal analysis and time domain
finite difference techniques can be used -ita
considerable confidznce to predict the
behaviour of a structure to a prescribed
impact load. With a suitable choice of time
step it was possible to obtain results that
predicted the acceleration response of the
structure to better than 52,

The prediction of excitation forces from
meagured response was encouraging for the
duration of the impact with errors again in the
regicn of ST for both single and multi-force
excitations. However, a number of problems
remain and are currently under investigation.
The post-impact behaviour appears to'contain
two phenomena; a residual "ripple" and possible
instability. The ripple has been attributed to
the behaviour of the accelerometers [3] in
which residual "ringing" in the transducers may
appear as a "phantor” structural response. The
divergent behaviour is probably associated with
the finite difference algorithms. In parti-
cular it was shown that the form of the post-
impact results could be altered by using
different numericel integration routines to
convert the measured accelerations intc dig-
placement data. It was noted during multi-
impact tests that the twc predicted forces
tended to diverge in opposite senses such that
the additive effects cancelled.

Despite these prcblems it appears that the
time domain apprcach yields a-zceptable pre-
dictions of the excitation forces during impact
and that it is irrecdiately apparent when these
predictions become unreliable. At present the
study has been restricted to the case where it
is possible tu lucaie Lransducers to measure
the response at the pcint of impact., Whilst
this may be possiblc in some situations, such
as around a hull subiected to shock lcading, it
is somewhat restrictive.
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Further resesarch is being conducted to permit
remote monitoring of responses from which the
location and magnitude of the excitation
forces may pe computed,
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UNDERWATER SHOCK TRIALS ON A PLAIN, UNREINFORCED CYLINDER

Lt-R J RANDALL, RN

Admiralty Research Establishment
Portland Dorset

fluid-structure intersection.

in current use.

report,

and post envelopment periods.

Strain was recorded at 14 locations on a submerged plain unreinforced
cylinder when subjected to the blast from a small explosive charge.
This work was carried out as part of a larger study into the topic of
The cylinder was selected as a simple
geometric shape which could be analysed theoretically so that the
experimental results could validate the applicability of approximations
Only the preliminary findings together with details

of the testing environment and procedure are presented in this

The results show how the hoop and meridonal strain levels

vary with the angle of the incident shock wave, and how the shock is
transferred from the fluid through the structure.
frequency response spectrum are also presented for the envelopment

Changes in the

INTRODUCTION

In the latest reviews [l1-4)assess-~
ing the developments in analytical
techniques for dealing with the fluid-
structure interaction problem, little
or no evidence is given of experimental
data than can be used to evaluate the
analytical predictions. The reason
for this, is probably that a good
general formal method for dealing with
the transient response of complex
structures has not yet appeared. The
most widely used approach is to adopt
a decoupling scheme such as the 'doubly
asymptotic approximation' [5]. This
and later more refined schemes have
been evaluated against the response of
idealised structures for which an exact
solution can be obtained. However all
these schemes stem from an approxi-
mation which its author notes (6] is
not satisfactory for situations invol-
ving prominent intermediate frequency
components as it overestimates the
radiation damping, and although they may
prove adequate in certain circumstances
they must be used with caution. Never-
theless computer codes are now being
used and developed [7] which embody
these approximations and therefore a
more thorough validation should be
performed.
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As instrumentation and other practical
considerations will introduce additional
uncertainties into the problem it will
assist the interpretation of results if
the test structure retains a simplistic
shape. There follows detailed inform-

-ation about a series of shock tests

carried out on a simple test structure
in collaboration with the staff of the
Admiralty Research Establishment (ARE)
Dunfermline in HM Naval Base, Rosyth.

The test structure was a plain
unreinforced mild steel cylinder, whose
geometry and dynamic characteristics
were known from previous tests [8]. The
cylinder was held in position under-
water and subjected to a spherical shock
wave caused by firing small explosive
charges at a pre-determined stand-off.
The only limitations on the size of the
charge and the distance of the stand-off
were that no permanent structure damage
was to occur.

The charge size and stand-off were
determined first and then remained un-
altered for the remainder of the trial.
The angle of incidence of the shock wave
was varied, though, to investigate what
effect this had on the maximum levels of
stress recorded. The cylinder was main-
tained in position and for successive
shots the location of the charge was
altered in the same horizontal plane.




TESTING ENVIRONMENT

It is inevitable that there will
be a compromise between the idealised
system that is conceived for the sake’
of theoretical analysis and what can be
physically set up to represent that
system. The requirements, in this
instance, are for a prescribed pressure
to apply a force to a simple structure
in a fluid environment.

The practical problems of repre-
senting this in the laboratory are

evident from the photograph (Fig 1) of

the structure suspended above the tank
before testing.

Fig 1 - General Arrangement

This arrangement is obviously
divorced from the original concept of
an idealised system. Hard reflective
tank walls are clearly in close proxi-
mity to the structure. The cylinder
itself is thin walled (3mm MS tube)
with an aspect ratio of 120:1, but it
is only 1.284m long and has flat ends.
In addition ballast weights are needed
to maintain the structure at the
required depth (300mm below the free
surface) and support arms have been
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welded to the ends to hold the explo-

_ sive charge and pressure transducers.

The charges used in this trial
‘were electric detonators, type N79,
each containing 1 gm of plastic explo-
sive. This small charge fixed
relatively near to the structure pro-
duced a spherical shock: wave but
satisfied the requirements of the
enclosed testing area and the limita-
tion that no permanent 'damage was to be
sustained by the structure. Each
pressure time history has a u ique
signature but are characterised by a
very brief duration.

A typical pressure time history
is shown in Fig 2;. the duration of
the pulse is about” 50 us and the rise
and decay of pressure is very rapid.
Subsequently the pressure returns to

, Zero.

A consequence of this character-
istic pressure signature is that a
very rapid - sampling rate {1 x 10° sps)

‘has 'to be employed on the ADC to

prevent maxima being. clipped. With

- this high sampling rate and the limita-
. tions of 32K of computer memory only
" the immediate response of the structure

could be studied closely.

However five separate shocks and
responses were measured and analysed.
Fig 3 indicates the position of the
charge relative to the structure for
each individual firing (Shots 1 and 2
were calibration shots and are not
included).

INSTRUMENTATION

Pressure Transducers<

Two types of tourmaline underwater
blast pressure transducer were used to
record the pressure time history, one
was manufactured by PCB Piezotronics
Inc and the other was an ARE design.
Both types have a volumetric sensitive
tourmaline crystal element suspended
in insulating oil and contain a built-
in micro-electronic line driver ampli-
fier which outputs a high voltage low
impedance signal.
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Tourmaline gauges are not gener-
ally consistent or reliable and for
this reason it would have been desir-
able to have a large number of trans-
ducers to measure the combined
pressure field consisting of incident
reflected and radiated components,
However, the presence of any pressure
gauge and its asscciated cabling must
interfere with the pressure field
through shadowing and diffraction
effects, therefore only 2 gauges were
used to monitor 'free' field and 'near
field pressures.

The mounting arrangement for the
‘free' field pressure sensor (Gauge
No 6) is as shown (Fig 4). The 'near'
field pressure sensor (Gauge No %) was
taped to the cylinder.

Test Structure

"Near Field’
Pressure Gauge(N®5)

Support Arm /—’.

welded to structure.

“Free
Field

Cord \

Figure 4 Charge handling Arrangement

Pressure
Gauge (N*6)

Explosive Charge
(2gm) = 2 2 N75 Dets.
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Strain Gauges

The structural response was
measured at 17 locations to obtain
axial and circumferential {(hoop)
deformations (Fig 5). It was decided
in this instance to use strain gauges
rather than accelerometers. Each site
was equipped with a right-angled pair
of gauges set up to measure hoop and
axial strain.

The advantages of obtaining strain
as a structural response rather than
acceleraticns were that:

(1) Strain is a direct measure
of structural damage which is of
prime importance.

(2} Less processing of data will
be required as rigid body motions
will not be recorded and zero
shift, base strain and cross axis
sensitivity problems enccuntered
with accelerometers are largely
done away with.
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Strain Sauge
17 1o right
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RESULTS AND ANALYS1S

A representative selection of
the results is included to demonstrate
the major conclusions.

Shot 3 Channel 4C Time 0-8,191 ms

Fig 6 shows a typical pattern
for the response at the centre of the
structure subjected to a broadside
shock wave. The peak response
corresponds to the cccurrance of the
peak pressure and is followed by rapid,
lightly damped, oscillations.
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Each record was examined to assess
the relationship between the onset of
movement (as recorded by ctrain) and
the arrival times of the pressure pulse.
The shock wave can arrive at a point on
the structure via two routes,

(1) directly through the field.

(2) Dby the most direct route
between the charge and the
structure and then through the
structure to the point in question
as a compression wave.

180
60 A
-60 4
c
°
5
Y -180 A
b3
-300 4
-420 r - . ——
0000000

0-008191

Time (seconds)

Fig 6 - Hoop Strain Time History
(Shot 3 Channel 4)

Ail recorded channels were
measured simultaneously and then
synchronised to a single event,
namely the peak of the near field
pressure nulse.

As stated previously the length
of the signal was curtailed by the size
of the processing unit but within this
time window the maximum strain always
occurs scon after the pressure pulse.,
Effects due to reflections and bubble
collagse happen comparatively much
later (circa 28 ms), therefore the
period 0-1 millisecond is studied in
greater detaii.
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The second route is longer but as
the speed of sound is 3% times faster
in steel than it is in water this is
more often the quicker route.
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Shot 7 Channel 1C Time 0-1 ms (Fig 7)

200 The two vertical lines
signify the first arrival
times of the shock wave
travelling through the
100 - structure {shown dashed)
and, secondly, directly
through the water (shown
chain-dotted). In this
» | instance where variations
0 - : in hoop strain are shown
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€ for the location nearest

4 the charge causing an end-
- :o on attack, there is no
- S 1004 ' ccorrelation between these
~ I ! event times and the onset
h ' of strain.
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:- Fig 7 - Hoop Strain Time History
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- Shot 7 Channcl 1L Time O-1ms (Fig 8)
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However Fig 8 shows the
variation of axial strain
~ 190 o o o at the sare locacion and
o l W ‘ it can be seen that the
o\’ onset of axiai &train
LS I coincides very closely with
> 1 *he arrival of the shock
~ ‘30‘! wave which travels througn
1 the structure.
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Shot 7 Channel 17L Time O-1ms (Fig 9)

Fig 9 shows the axial
response at another
— point to the same shock.
40 1 Location 17 is further
|
|

away from the sourcc and
by the time the shock
wave has travelled to
the oppusite end of the
structure the gap between
the two arrival times as
shown by the vertical
lines has widened due to
the 3% times difference
in their rates. The
intensity of the res-
ponse has decreased 8s
shown by the signal to
noise ratio but the on-
set of axial strain
clearly coincides with
-40 4 the shock wave travel-
ling in steel.

20

-20

Microstrain

- 80 v - T .
00 02 04 0e [N ] 1-0
Time (milliseconds)

Fig 9 - Axial Strain Time History
{Shot 7 Channel 17}

Shot 4 Channel 12C Time O-1lms (Fig 10)

N

The variations in axial Y

170 — strain that were N

| observed when the cylin- k:

} der was acted upon by an <~

i end-on incident wave Ta

gol | were also observed for !!

i hocp strain at locations .(\

| under side-on attack. DNy

Fig 10 shows the res- 'a:

y ponse of a point on the Ty

€ 'O-_“/hhayﬂ~‘ U . A oppcsite side of the :ﬁ

o ' . structure from the source o

bt ' i of a side-on attack. ¥
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Shot 4 Channel 6C Time O-lms (Fig 11)

160

80

-80 4

Microstrain

-160 4

~240

N\
AV,

02

0

ds do 10

Time (milliseconds)

Fig 11 - Hoop Strain Time History
(Shot ‘4 Channel 6)

The response to Shot 4 at a different
site on the same side of the cylinder

as the source (directly opposite

Channel 12), does not show what triggers
movement; both arrival times are
within 30 ps of each other. It does
show however that the maximum strain
recorded at two sites 180° apart varies
by less than 10%.

None of the results of these trials
support the view that the zone 'behind’
the structure 1is sheltered from the
shock wave. However having demon-~
strated that the compression wave that
travels through the structure is an
important event as far as the initi-
ation of strain is concerned then it is
not surprising that there is no shel-
tering as the forcing function is
carried through the steel and all
points on the structure are visible to
the shock. :

Further examination of Figs 10 and 11
does offer a possible explanat.on, as
some of the evidence in suppor:i of a
shadow zone is from large scale cests
involving velocity meters and the rate
of change of strain is always less for
those points in the lee of the shock.
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The importance of the shock wave
travelling through the structure may
also explain why the angle of incidence
was not critical. , The maximum response
was always either nearest to the source
of the shock or at the midpoint of the
cylinder where the structure is most
flexible. In retrospect it was not easy
to determine what the effective angle of
incidence was, as for many locations

of the charge the extreme end of the
structure will be disturbed first and
initiate a shock wave which always
travels to internal points by the same
(most direct) route.




Shot 5 Channel 1C Time QO-1lms {(Fig 12) ' Figs 15 a?d 13 show-i-t
: nse a
Shot 5 Channel 17C Time O-1ms (Fig 13) ’t’sgppiigis“tgez"ghzt
' fired opposite the end
1o of the. cylinder. Fig
. ’ 12 shows the response
near the shock source
where there are rapid
50 4 ’ oscillations in the
. level of strain and a
' high rate of change of
strain. ,Whereas Fig 13
. - : shows the time history
=10 \ ’ at the other end of

the structure and has
less frequent oscil-
lations and a lower
-70 rate of change of
strain. The most
significant difference
1 however between the two
-130 4 ‘ locations is that there
- is considerable move-
ment and the maximum
strain level is achieved
at the one site before
<190 T T T - the other side records

00 02 04 06 08 1-0 anything.

Time (milliseconds) ’

Fig 12 - Hoop Strain Time History
(Shot 5 Channel 1)

Microstrain

Therefore one is lead to
the conclusion that for
a flexible structure
such as this, initial
movement is not in
recognised modes but .
rather as local defor-
mations/

140

100 4

60 -

Microstrain’

ZOﬂ

-20

'Go — 1 T N
0-0 02 04 06 08 1-0
Time (milliseconds)

Fig 13 - Hoop Strain Time History
(Shot 5 Channel 17)
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Shot 3 Channel 6C Time (-1.024 secs The data from this
(Fig 14) series of tests was

also analysed over a
longer time period with

‘{‘u an approach that con-
41 Time Interval siders the frequencies

2.2 @ - 0.129 seacs of vibration.

2.4 The response of each

channel from 0-1.024
seconds was split into

1.6 4
8 equal increments and
e.8 the frequency cnntent
) of each increment
0 compared. The resonant
109

' M (HZY frequencies that were
obtained from the shock
.‘z” data were readily
’ Time Inlerval identified with those
s 24 @ 896-1 @24 secs obtained by steady-
. state testing and apart
2 ‘J from the fact that
: certain modes increasea
in magnitude before
1.6 eventually subsiding
j nothing extraordinary
a.8 was observed
2.0 4 S e e s (HZY
1000

1000 nH2

EHOT 3 CHANNEL 6C

N
v

Fig 14 - Frequency Domain Analysis
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SUMMARY

Although these are only prelimi-
nary findings and the results have yet
to be compared with calculated values
of strain several interesting points
have been discovered or reaffirmed.

a. Strain gauges can be used
to monitor the behaviour of a
structure in the shock environ-
ment. Whether to assess damage,
or to record deformations and
stresses within the structure;
strain is a good parameter to
measure. However, most theo-
retical analyses are formulated
in terms of displacements and
although it 1is possible to
establish strain from displacement
there 1is no easy way of working
back again.

b. The initial deformation of
the cylinder when acted upon by
the shock wave started a membrane
or stretching wave which travelled

through the structure at the speed -

of sound in steel. This is 3%
times faster than the speed of
sound in water, Therefore the
membrane or stretching wave
arrives at points that are further
away from the source of the explo-
sion before the acoustic pulse.

In these tests some strain gauges
achieved their maximum values
before the pressure pulse arrived.
So although some points may be
sheltered as far as the pressure
pulse is concerned this is un-
important if the stress wave is
causing maximum strain (or dis-
placement) as all points of the
structure will be visible to the
stress wave,

c. On the other hand those
locations on the opposite side of
the structure from the source of
the explosion were sheltered as
far as the rate of change of
strain was concerned.

d. It is unlikely that a theo-
retical analysis can produce
accurate answers unless the
effect of membrane forces is con-
sidered in derivations of the
equations of motion.
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e. From the tests as performed
there was no evidence to support
the view [9] that broadside load-
ing is not the most severe con-
dition for this type of structure.

f. Deformations of sections of
the cylinder occurred at asppreci-
able, sometimes maximum levels
whilst other sections were un-
deformed. A structure that is
undergoing local deformation is
not particularly suited to modal
analysis in the normal sense.

g. Modes corresponding to

frequencies measured by steady-
state testing [8] were readily
identified from the shock data.

h. The structure is very
lightly damped with very few
dominant frequencies which
persist for longer than 1 second
after the shock event. As the
structure rings down after =1l
external loading has ceased, some
modes were observed to increase
in magnitude before subsiding
again.
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Discussion

Voice: If you are oriented this way, and the

charge {s over here, then the strese or strain A
should be lower on the top than it would be on '\*
either the front or the back. ~

S
Mr. Randall: 1 didn’t notice that. It seems 5'{."
the levels of stress cr strain were constant e,

around the circumference.

Voice: Did you have gages sround the
circuaference of the cylinder?

ool | %

x

Mr, Randall: Yes. There were ten locations

-

around the circumfecrence. :;"‘

-.:I_‘.
Voice: Do you have any plans to add sowe ring E
stiffeners? X

] -
Mr. Randall: I don’t have any plans to add ring e
stiffeners. We are trying to understand what is ey
happening to a simple structure. The idea is to ‘-';'
be able to predict the reaponse of the aimple e
structure hefore we make the structure more Sy

complicated,
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INVESTIGATION INTO THE EFFECTS OF USING DETONATING CORD
TO REMOVE A CONVENTIONAL PROPELLER FROM A WATER BORNE SURFACE SHIP

by

J. H. Strandquist TII, LCDR, USN* and Y. S. Shin**
Department of Mechanical Engineering
Naval Postgraduate School
Monterey, California 93943

The relation between the shock wave pressure on the propeller hub
was determined experimentally by a

and the size of the detcord charge
series of shots conducted on

a

full-scale test platform. The

shock-induced response of the shaft was measured directly with strain

gages and accelerometers.

pressure date provided the basis for

response profile of the shaft.
INTRODUCTION

The use of detonating cord (detcord) in
waterborne propeller maintenance has heen
practiced for many years by U.S. Navy diving
and repair activities, with little knowledge
of the potential effects on the shaft and
related ship components. In order to
quantify  both the displacement and
acceleration of the shaft caused by a
detcord detonation on the propeller, a
decommigssioned Cost Guard cutter, ex~USCGC
CAMPBELL (WHEC-32), was identified and
chosen as a platform for the conduct of a
serles of test shots. The response of the
shaft to these tests was measured, and the
results are presented herein.

As provided for in the Naval Ships
Technical Manual [Ref. 1], detonating cord
may be used to remove a damaged conventional
propeller from a waterborne surface ship
where drydocking or the use of alternative
waterborne methods have been ruled out due
to constraints in time, 1logistics, funding,
or the tactical situation. The procedure is
described 1in detall {in [Ref. 2]. After
clearing all interference (rope guard,
fairwaters, and dunce cap removed: gland
retaining ring moved forward as far as
possible), the propeller hub hoss nut 1is
backed off several turns, as shown in
Figure 1. Detcord is wound arnund the shaft
againgt the forward face of the propeller
hub a predetermined number of turns, or
wraps. To predict the shaft sleeve, the
detcord 1is placed on top of an underlying
layer of manila line. Several turns of line
are also wound around the ghaft between the
propeller hub and the boss nut to cushion
the {impact there. When the charge 1is
detonated, the 1impulsec created by the

* Pormer graduate student
Asscclate Professor
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Additionally, the experimental shock wave

numerical prediction of the

pressure wave 1n the water overcomes the
tremendous static friction  between the
propeller hub and the shaft taper, and the
propeller is pushed back along the shaft
toward the boss nut. At this point the
propeller replacement operation proceeds
independent of the method used to loosen the
damaged propeller. Details can be found in
[Ref. 2}.

The following is quoted from [Ref. 3}:

Detonating cord is round flexible cord
containing a center cord of high
explosive. The explosive cord, usuvally
pentaerythritol tetranitrate (PENTN),
is covered with various combinations of
materials ~-these include textiles,
waterproofing materials, and plastics
which protect it from damage caused by
physical abuses or exposure to extreme
temperatures, water, oil, or other
elements, and provide such essential

features as tensile strength,
flexibility, and other desirable
handling characteristics... Detonating

cord 1is relatively insensitive and
requires a proper detonator...for
initiation... As such, detonating
cords are safe and reliable nonelectric
detonating devices.

The detcord used in thils investigation
conforms with Military Specification
Mil-C-17124C (Type I, Class e) [Ref. 4].
This reinforced detcord has a nomipal
explosive welght of 50 pgrains-per-foot, or
Aeven pounds of explosive core per 1000 feet
of detcord. According to several
references, tncluding [Ref. 3}, the
detonation velocity of 50 graln-per—foot
detcord {s on the ovder of 22,000 feet per
gecond,
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the present case it appeaTs to hase been a
very gooc one.

STRUT The retarded time Ty in equation (1) s
defined by the charge geowetry for the test
platforn illustrated in Figure 2, and must
account for a finite detonation velocity.
For exanmple, 1If the° detonation process

——————— —_——e—m—-— b commences at g=0, it will take
—PROPELLER SHAFT ' ;) ‘. approximately 0.15 milliseconds to complete
e e o mm ———— = the process at B e 360°. Thus,

GLAND RETAINING RING T IRr| Ro 8 )

- t - - —
PROPELLER HUB ° c Dy
vhere
Figure 1 Underwater Propeller Removal Using t = real time from ititial detonation
Detcord (msec)
THEORETICAL PREDICTIONS R = radial standoff distance between

detecord and point of interest
A. SHOCK WAVE FROM AN UNDERWATER EXPLOSION

P onc: SERCRRAVRNAVE . [PPSR LA Ll R O Rl = AL
T

¢ = speed of sound in water (nominally

A The nature of the shock wave near the five feet per msec)
N surface of an explosive charge detonated
2: underwater is not well understood, owing to Rg = radius of detcord charge
:\ the uncertainties in the equations of state
~ in this region. It hecomes very difficulte, B = angular distance from the point of
I therefore, to predict the response of an inftial detonation to point of
- assumed rigid body, {n this case the interest
o propeller, from a contact or near contact
. nderwater explosion. Empirical formulae Dy = detonation velocity of 50 grain-
- for the shock wave pregsure profile which per-foot detonating cord
o have been derived to date are based
': primarily on tests conducted with sperical Note that 1f T, < 0, physical reasoning
. charges where the minimum target standoff tells us that the pressure at such times is
' distance was approximately five charge raditl equal to zero (or more precisely,
2L [Ref. 5]). hydivostatic pressure, although this {8
to negligible at propeller depth).
:: An approximation of the pressure
- profile, p(t) from an underwater explosaion Wher the shock wave from an underwater
- ags a function of time after detonatfion {s, explosion contacts a rigid structure, the
- presgure at the gurface 1s primarily the sum
ié T of the incident free-field pressure wave and
sl - __r the reflected pregasure wave caused by
p(t) P exp( A ) M interaction of the {ncident wave with the
L rigid structure. Although the relative
5 magnitude of the reflected pressure can vary
:{ where Py 18 the inirial peak pressure, and A slightly depending on the magnitude and
K i3 the time constant defined as the time in angle of fincidence of the free-field wave,
' milliseconds required for the shock to decay the total pressure on the {ncident surface
to Pg/e, or about one-third of {its maximum {8 geaerally abcut c+wice the free-field
value. Both Py and A are functions of value. Thus, the final expression for the
standoff distance, It was discovered during arial force on the propelier as a function
the testing that for short distance (i.e., of time {s:

inches), } {8 relatively {nsensitive to

variations in sgtandoff distance, and an

average value of time constant (i) was used. ;3,2" Ty

Equation (1) is generally considered to be a F(t) = 2 ! i Pp exp(= ——) R dR 4R 3
close approximation ocf the actual shock -

profile for about one time coanstant: beyond

this point, it usually cen be relied upon to

provide only a rough estimate, although in
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Figure 2 Propeller Hub Geometry (USCGC
CAMPBELL)

Numerical integration of equation (3) can be
readily acomplished once a relationship
between peak pressure and standoff distance
is established to provide values of Py.

B. RESPONSE OF THE SHAFT

As shown 1in Figure 3, the shaft 18 to
be modeled as a fixed-free bar, with motion
restricted to one dimension. The connection
between the shaft and the wmain engine 19
considered rigid in the horizontal
direction, where the shaft collar has been
jacked back against the aft thrust bearing
shoes 1in accordance with !Ref. 2]. The
effects of system danmping are negligible
with shock 1loading: hence, these are not
conaidered. The shaft 18 assumed to be
continuoua of a constant cross-section,
although a slight approximation is made here
in the case of CAMPBELL.

The equation of motion for axial
vibration of a bar with constant cross
gection 1s:

2 2
3%y 23w _ 4 (%)
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I & IXI ; Sensor Stations

123

Figure 3 Propulsion Shaft Model (USCGC
CAMPBELL)

where u(x,t) is shaft particle displacement,
and is a function of both time and position
along the shafet. The wave propagation
velocity (a) in the ateel 1s about 200 inch
per msec., The general solution to equation
(4) is:

u(x,t) = f(x-at) + g(x+at) (s)

For the case of a wave traveling in the —x
direction in Figure 3, this reduces to,

u(x,t) = g(x+at) (6)

The longitudinal strain (€) i{n the
shaft can be defined as,

e(x,t) = g'(x+at) (eD
vhere (') is the derivative with respect to

Xe

The shaft particle velocity, v(x,t) {is
similarly defined as,

vix,t) = & = g(x+at) (8)

where (.) 18 the derivative with vtespect to
time. Using equations (6) through (8), the
shaft particle velocity can be expressed
as,
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v(x,t) = a g'(x+at) = a e(x,t) . (9

Integrating both sides of equation (9) with
respect to time provides a relationship
between shaft displacement and longitudinal
strain: .

ulx,t) = aft e(x,t) dt (10)
o

This relation is

the sghaft except very close to the fixed

end, where the displacement is always
theoretically zero.
The strain e(x,t)  is a relatively

simple quantity to measure experimentally.

Alternatively, however, it can

by observing the following from static
analysis:
€max = D Fpax/[EA] (11)

where Fpax is the maximum value of the axial
force expressed by equation (3). The (D) is
a dynamic magnification factor to be
determined from the response spectrum for
the particular impulse type experienced
[Ref. 6]. (E) is modulus of elasticity and
(A) is sectional area of shaft.

Thus, an approximation for the maximum
shaft displacement can be arrived at in two
ways. The strain wave can be measured
directly, or the forcing function defined by

equation (3) based on experimental shock
wave pressure data, can be used to solve
equation (11). Both should give similar
results, which can then be wused to solve
eqution (10) for the displacement of the
ghaft.

FIELD EXPERIMENT

A. TEST PLATFORM

The test platform, ex-USCGC CAMPBELL
(WHEC-32), was inspected both underwater and
within at its bherth at Naval Station, San
Diego, California, and was found to
represent an excellent model for the planned
experiment. Original ship drawings were
obtained to determine as preclaely as
possible auch parameters as sghaft length,
propeller weight, etc.

valid at any point along '

be evaluated .,
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enduraﬁée
shafts of

The CAMPBELL-class high
cutters are equipped with two

about 103 feet in length. The ship's
dimensions are 327 feet LOA, mean draft of
15 feet, and a standard displacement in

CAMPBELL ‘was chosen as
dimensions and
a small

excess of 2200 tons.
a test platform because 1its
layout are roughly proportional to
combatant's.

B. OBJECTIVES OF THE EXPERIMENT

The objectives of the experiment were
to obtain the following information:

(1) Free-field pressure measurements
for 50 grain-per-foot detonating
cord to be used in later
numerical modeling.

(2) Strain wave data for two points
on the shaft. These are labeled
Stations T and IT in Figure 3,

the locations
and stern

and correspond to
of the reduction gears
tube seal.

(€)) Shaft acceleration data near gear
box.

The free-field pressure data would
provide values of Py in equation (3) to be
used as input for numerical modeling. The
strain  gages would provide direct
measurement of the strain wave as defined by
equation (7). Finally, the accelerometers
would provide a direct measurement of the
maximum acceleration of the shaft near the
main engine.

C. EXPERIMENTAL APPARATUS

All data was captured with
M101 Wideband II (direct record) tape
recorder using a recording speed of 120
inches-per-second, providing a frequency
band-width  capability of 500 kliz.
Additionally, onsite wverification of test
results was provided by a Honeywell 1508B
Visicorder. Two types of plezoelectric
pressure transducers were utilized for this
experiment. Both transducer types feature a
volumetric-sensitive tourmaline crystal
element suspended in an insulating oil. As
discussed in [Ref. 5], tourmaline crystals
are ideally sulited for underwater explosion

a Honeywell

pressure measurements. The strain gages
ugsed at Stations I and II were 350 ohm,
conatantan foll strain gages. Finally, two
accelerometers, including one with a 500g

range, were positioned at Station I near the

gear box. The accelerometers were glued to
the ghaft with Deveon Plastic Steel, No.
10240,




D. EXPERIMENTAL PROCEDURE

A total of '4 shots were conducted
during the five day period of the
experiment: they will be referred to by the
order {in which they were performed. Eight
of these were so-~called free-field pressure
shota in which the propeller and shaft were
not subjected to a shock loading. The
remaining six shots comprised the actual
shock tests.

(a) Preliminary Testing (Shots 1-4)

The first four shots were free-field
tests conducted for the purpose of checking
out the electronics and for determining a
proper standoff for the pressure
transducers. Three wraps, or turns of
detcord were placed spirally directly on the
shaft at a location remote from the
propeller and bearings. The pressure
transducers were placed in the free field,
at the same depth as an outbhoard of the
shaft. The first shot at nine feet
registered no pressure rise on any of the
transducers. The second shots at two feet
registered a peak value of approximately
2,000 pst. The third and fourth shots
brought the range to within {nches,
registering peak pressures on the order of
20,000 and 40,0090 psi, respectively.

These first four shots demonstrated
several fmportant facts. First, the
transducers would have to be very close to
the charge to record any sgignificant

pressures. Second, there was excellent
correlation between both tvpes of pressure
transducers. Finally, these first four

shots demonstrated excellent performance
from the Honeywell M101 tape vrecorder,
verified 1in the field with a strip chart
recorder.

(b) Shock Testing (Shots 5-10)

Upon coapletion of the four preliminary
free-field shots, enough {nformation had
been obtained to commenze the actual shock
testing. The shaft was carefully inspected
both wunderwater and 1inside the ship to
ensure that it was, in fact, in a fixed-free
condition as shown 1{in Figure 3. Weld
restraints installed to prevent the
propeller fron windmilling during towing
were removed, so that the only fixed point
in the one-dimensional removed, so that the
only fixed poiat {n the one-dimensional
analysis undertaken was the gear box end of
the shaft. The propeller dunce cap and rope
guarde had  heen removed previously. All
sensors were placed in position. In all
respects, the port propeller was ready for
removal wusing the detcord method discussed
in [Ref. 2], with one exception: the
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prepeller hub boss nut was not backed off at
all. The reason for this was two-fold.
Pirst, once the propeller had broken free of
the static friction generated by 1{ts
original installat{on around the shaft, this
initial condition would have been 1lost for
subgequent sghots. Second, by restraining
the propeller on the shaft and thus making
them integral unit, none of the energy from
the detcord detonation {imparted to the
propeller hub would be lost either through
heat generated by dynamic friction between
hub and shaft, or thorugh momentum tranafer
between the propeller blades and the water.
Thus, a worst-case slituation with respect to
the total impulse imparted to the shaft made
available for each shock test.

According to [Ref. 2], the size of the
detccrd charge in actual practice is to be
1imited to four wraps. This rule of thumd
is true regardless of the shaft diameters.
It wag decided, therefore, to subject
CAMPBELL's shaft to shock lmnading from one,
three and five-wrap charges.

The firat two shock tests, shots 5 and
6, were essentially the same test conducted
tvice. One wrap of detonating cord was used
for each of these two shots. As in all the
shock tests, the detcord was wound on top of
a one 4inch layer of woanila line, thus
separating it from direct contact with the
shaft sleeve.

Three wraps of detcord were used for
shots 7 and 8. Por shot 7, the detcord was
wrapped spirally, as 18 probably done in
practice {in most cases. For shot 8,
however, 1t was wrapped concentrically
against the propeller hudb in accordance with
[Ref. 2], and held in place with underwater
epoxy.

Shots 9 and 10 were aimilar to the
previous two. This time five wraps of
detcord were used. For shot 9, the detcord
was wrapped spirally: for shot 10,
concentrically against the hub.

(c) Pree-Field Testing (Shots 11-14)

When the first set of free field shots
described above were conducted, there was no
data or experience base available to assist
in deterumining an appropriate transducer
standoff distance. After ten shots had been
completed, this was no longer a problem, and
a more precise method was deviged for
obtaining pressure-time histories within the
range of interest for the last series of
free-field tests. Three pressure
transducers were arranged 8o that the
standoff from the deccord was sequentially
one, two, and three 1inches, respectively.
The detcord was wrappad around the shaft at
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a location where the ° ship's hull or
appendages would not affect the early time
pressure readings. This time, however, the
detcord was wound on top of a layer of
manila 1line to more accurately simulate
conditions near the propeller hub. Shots 11

and 1 were with one wrap of detcord, shot
13 was with three wraps, and shot 14 was
with £five wraps. The last series of

free-field pressure measurements completed
the experimental testing.

EXPERIMENTAL RESULTS

From the standpoint of quality data
collection in the field, the experiment was
considered 8 success. These tests were

performed shortly after the first two in a
series of experiments being conducted at
Naval Postgraduate School under the

sponsorship by the Defense Nuclear Agency to
investigate the response of stiffened flat
plates to underwater explosions of much
greater magnitude. The hard lessons learned

during these earlier experiments were quite
valuable to the present investigation
[Ref. 7].

Figure 4 i1lustrates the data

acquistion and reduction scheme used in the
experiment. All data was reviewed on-site
using the Honeywell 1508B Visicorder. These
records, such as the one shown in Figure 5
provided a means of partially verifying the
results {in the field. Note that the
relative distance between each pressure
transducer can be determined by comparing
the  real time delay between pulses to the
theoretical values of approximatley
16.7 usec. The measured shock pressure
profiles for shots 2, 12 through 14 are
shown 1in Figures 6 through 9. The
pressure—-time histories showed a
near-constant rise time of about four psec,
which 1s approximatley the 1limit of the
instrumentation. The measured strain time
histories for shots 6, 7, 9 and 10 are shown
in Figures 10 through 13. The measured
strain data shows that the strains at both
Stations 1 and II are close to each other.
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Figure 14 {llustrates the relationship | c !
between peak pressure and standoff distance ! ‘2300‘
for a given charge size. The recorded ' ‘E
pressure were adjusted slightly to account i w2904 :
for the gage response of the transducers T i
[Ref. 8]. Tris data would provide the basfis i g |
for later numertical predf{ction discussed : « 200 |
later. The maximum scrain for each shot s L i
plotted as a function of charge size {n ElSO :

Fi{gure 15. Finally, peak acceleratfions at ) 1 2 .
Station T {ncreased linearly with charge : Charge Size (# of Wraps)
size within the range of the experiment, as . e —-
shown 1in Figure 1A.
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! 0 CHARGC SIZE. §° A. DEVELOPMENT OF A NU{ERICAL MODEL
= jwraps
3z = Jwraps || The experimental pressure data
I_%w = 1wrap i collected on the CAMPBELL tests was to be
R used as the basis for the {mpulsive loading
t ol ~. ; fnput to a numerical scheme for predicting
e : shaft response from an underwvater detcord ::\')
n ~ - o
!220 - ~ e blast. A snapshot of this loading as a ~
& ~ =y S~ i function of both time and stundoff s X
- e \\\; : tllustrated in Flgure 17 for a 3-wrap .-:.
i Q‘: 104 \"‘\.__\ T charge.
TTe— ”
, o The axial sheft force was calculated _
| 0 \ 5 B ) using equation (3). Values for Pp were ~—
Standolf Drstance (nches) ' chtatned from the relatfonship  between peak e
. . rressure and  standoff  distance {llustrated ..
tn Figure 14, The results are shown {n R
Figure 18. 2.
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Figure 18 Force Applied to CAMPBELL's Shaft

B. COMPARISON OF NUMERICAL AND
EXPERIMENTAL RESULTS

A good approximation of the forcing
function 1llustrated in Figure 18 1is a
rectangular {impulse. For this type of
loading, the dynamic magnification factor, D
is defined as, [Ref. 6]

D = 2 ain[m(8)) (12)

where B 18 the ratio of the load period to
the period T at which the shaft responds.
Prom Figure 1B, the load period is 0.7 msec.
The strain wave histories indicated that the
half period of shaft response corresponding
to the lowest excitation frequency 1s around
2 msec (L.e., T is 1in the vicinity of &4
maec). It can be shown [Ref. B] that the
natural frequencies of the shaft-propeller
system can be expressed by,
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2 "L Mg :
= tan(=—) = ﬁ; (13)

f = natural frequency
L = shaft length

a = gpeed of sound in the shaft
material

Mg = total mass of the shaft
Mp = mass of the propeller and boss nut

Solving equation (13) for the natural
frequency 1in the region of 4interest for
CAMPBELL ylelds a value of 270 Hz. This
corresponds to a natural period of
3.71 msec. Inserting this result into
equation (13) yeilds a dynamic manification
factor D of approximatley 1.12.

Each of the strain profiles <can be
approximated analytically as a sine wave
whose magnitude varies according to charge
size. With this knowledge, equation (9) can

be redefined accordingly for any fixed
location on the shaft:
v(t) = (a) max[e(x,t)] sin (2m/T) (14)

Similarly, for any given value of x (except
right at the gear box), equation (10) can be
expressed as,

u(t) = a max[e(x,t)] stin(Z nt/T)dt

or (15)
u(t)==(T/2m(a) max[ e(x,t)]cos(2nt/T)

Finally, the expression for the maximum
displacement of the shaft is simply,

Upax = max[u(x,t)] = (T/2m (a) wax| ex,t)]
(16)

As 1indicated in previous section,
values of max{e(x,t)] used in equaktion (16)
can be obtained experimentally by direct
strain gage measurement, or numerically
through the use of equation (1l1). Figure 19




summarizes the results obtained for
maximua shaft displacement for both methodc.
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Pigure 19 CAMFBELL Shaft Displacement vs.
Charge Size

The numerically determined values display a
linear relationship with 1increasing charge
size that 1{s adequately approximated by the
experimental record within the range
observed, supporting the assertion that the
numcrical model 18 an acceptable one for
further prediction purposes.

C. NUMERICAL ANALYSIS OF DDG-2 SHAF?T
CONFIGURATION

Having established the validity of a
method for predicting the response profile
of the shaft {n the case of CAMPBELL, a
spacific ifnservice shaft configuration will
now be analyzed. The US3 CHARLES F. ADAMS
(DDG-~2) class of guided-missile destroyers
was chosen for this purpose. Experience
ameng U.S. Navy diving supervigors Indicates
this large class of surface combatants {3
one of the most frequent candidates for
waterborne propeller replacement.

Shaft blueprints for the ADAMS class
were obteined from the planning yard. It
was decided to analyze the port shaft, since
it more closely resembles the configuration
on CAMPBELL. Natural period of longitudinal
vibration for the port shaft weve compured
ugsing equation (13) and the shaft geomatry
defined by the blueprints. It was 3.8 maec
which 13 close to that of CAMPBELL.

Given the lsrger shaft diameter of the
ADAMS class over CAMPBELL, the length of
each wrap of detrord would be increased
rroportionully. Taking this 1{into account,
as well as the larger surface area of the
propeller hub over which to carry the
integration, the force which would be
applied to the end of ADA4S' port shaft was
predicted as was done for CAMPBELL, and the

results are shown In Figure 20. As
expected, the shape of the loading 13 nearly
{dentfcal to that experienced on CAMPBELL.
The period of the load, however, would be
1.2 msec. Observing from Table 1 that the
natural period of {nterest i{s T = 3.8 msec,
equation 12) provides a dynamic
magnification factor of 1.67. Utilizing
equation (11) to obtailn the wnmaximua
theoretical strains that would be
experienced for a given charge size, the
equivalent shaft diaplacements can be
predicted using equation (16). These are
plotted for the port shaft of USS CHARLES F.
ADAMS (DDG-2) {n Figure 21.

Table 1
Natural Shaft Periods for Both Ships.

Mode # Natural Period (msec)
Caapbell Charles F. Adams
!
1 27.6 3.1
2 9.1 9.R
3 5.4 5.6
4 3.7 3.8
5 2.9 2.9
6 2.3 2.4
7 2.0 2.0
CHARGE 8128:
Q=9 wraps
O = J wraps I
A= weap :
|
, |
|
0.0 0.4 08 12 v 10[
. Time (moec) !

Figure 20 Predicted Force on ADAMS Shaft
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Figure 21 Predicted Shaft Displacement for
ADAMS

CONCLUSIONS

According to [Ref. 2], the maximum
static removal force to be used in unseating
the propeller from an ADAMS-class destroyer
is 400 tons (800 kips). From Figure 20, the
maximum predicted force from a 5-wrap charge
i1s 145 tons (290 kips). Multiplying this
value by the dynamic magnification factor of
1.67 calculated for ADAMS, an equivalent
force of 240 tons is obtained, leaving a
considerable margin of safety wunder this
criterion.

Although Figure 3 indicates a zero
displacement condition for the shaft collar
at the thrust bearing, this is only true for
tensile loads. The initial tensile wave in
the -x direction will be reflected as
another tensile wave in the +x direction.
Upon arrival at the propeller, the strain
wave will be reflected again in the -x
direction, but this time as a wave of
compression. By the time this compressive
wave reaches the thrust beating, it will be
on its third trip along the shaft, and some
dissipation of 1its magnitude {1s to be
expected. However, as a conservative
estimate, it 1is assumed that this wave
arrives at the gear box undiminished.

The DDG-2 reduction gear technical
manual [Ref. 9] defines a minimum allowable
endplay on the shaft collar/thrust bearing

interface of 0.019 inches. This 1s twice
the displacement predicted for ADAMS from a
S-wrap detcord charge 1in Figure 21, a
prediction that includes several

conservative assumptlions which realistically
should provide for an even greater safety
margin. This means that the shaft collar
will not compress the forward bearing shoes

sufficlently to transfer the shock loading
indicated 1in Figure 16 to the reduction
gears. It is therfore concluded that, at
least within the range of charge sizes
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tested, the use of detonating cord to remove
a propeller from a ADAMS-class destroyer
will result in no detrimental effects on the
thrust bearings or the reduction gears.
Given the extremely small magnitude of
expected shaft displacement, it 1is also
concluded that friction damage to strut,
stern tube, or line shaft bearings, or to
the stern tube seal 1itself, would be
non-existent to any measurable degree.

In light of the obvious cost savings,
the use of Navy divers to perform an
increasing number of underwater maintenance
and repair tasks 1in the future appears
certain. Nevertheless, frequent objections
have been raised against the conduct of
underwater ship husbandary in general, and
against the use of explosives to remove
conventional propellers in particular. In
both cases, the underlying problem has not
been the methods themselves so much as the
lack of quality control. - The few specific
instances where damage has resulted from
using detcord in waterborne propeller
replacement can each be attributed to a
failure to follow established procedures and
common sense. Where procedures are as
followed, the use of detonating cord common

sengse. Where procedures are as followed,
the use of detonating cord to remove a
damaged propeller i{s considered a safe and
viable alternative to other more costly and

time consuming method.
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BLAST AND GROUND SHOCK
Dynamic Response of Armor Plate to

Non-Penetrating Projectile Impact

W. Scott Walton
U.S. Army Combhat Systems Test Activity
Aberdeen Proving Ground, Maryland

ABSTRACT

To investigate the instrumentation related problems of
acceleration measurement on armor plates, a controlled
experiment was conducted. A 38mm thick plate of rolled
homogeneous armor (RHA) was subjected to impact hy ball
bearings and small caliber projectiles (.30 calibher to
20mm). Measurements of acceleration, velocity,
displacement, and strain were made. Because of with
continued difficulties acceleration and velocity
instrumentation, a non-standard velocity measurement
technique velocity measurement technique was used.
Differentiation of the resulting velocity signals
produced very short duration (1 microsecond)

(1 microsecond) acceleration pulses of 1 to 3 million
g's. The theoretical prediction was approximately

1l million g's. .

INTRODUCTION

A number of instrumentation re~
lated difficulties have been encoun-
tered during measurements of accelera-
tion on armor plate subject to projec-
tile impact. A-.classic example is a
test done by Devost and O'Brasky
(reference 1) of the Naval Ordnance.
Laboratory using the 5"/54 gun in
1972. 1In that test, only the ac-
celerometers that were mechanically
decoupled from the plate survived im-
pact. Similar results have been ob-
served by the U.S. Army Combat Systems
Test Activity using smaller caliber
projectiles.

To investigate these problems,
and to characterize the ballistic
shock environment, a controlled ex-
periment was conducted. Figure 1
shows an RHA test plate .038 by .914
by .914 meters bolted to a rigid sup-
port structure.

oy -

The test plates were attached

using 18 bolts on a .864 meter square.
Assuming these bolts to be simple sup-
port, the lowest theoretical resonant

frequency of this configuration is
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Figure 1. Photograph of RHA cesc pla.e
.03t by .914 by .914 meters in rigid
support structure. Note ball bearing,
suspended from 2 witre pendulum, and
hammers, used to check instrumentalion
prior to projectile impact.
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249.6 Hz., The observed resonant
frequencies of 4 different plates
varied from 249 to 263 Hz., bence the
assumption of simple support appears
justified.

INSTRUMENTATION

Figure 2 shows the location of
transducers used to measure the
response of the back of the plate.
Figure 3 is a photograph of the trans-
ducers. Three different models of
plezoresistive accelerometers were
used. Velocity transducers were sup-
plied by the Underwater Explosion
Research Division (UERD) of the Naval
Ship Research and Development Center.

Displacement was measured using
commercial non-contacting eddy-current
probes and by a locally fabricated
capacitive type displacement trans-
ducer fashioned after Erlich's design
(Reference 2). Strain was measured
using conventional foil type and semi-
conductor type strain gages.

Signal conditioning for all
transducers was located in a box
directly behind the support structure.
This step was taken to obtain higher
frequency response than is usually
possible when transducers must drive
long cables. A bridge conditioning
electronics unit was fabricated for
the accelerometers and strain gages to

Figuce 3.

Photo of inst.umentation on back of plate.

provide 100 KHz frequency response
through 150 meters of RG-58 cable.

BALL BEARING IMPACT

The impact of a 50mm diameter
steel ball bearing was used to check
the instrumentation prior to firing
projectiles. This impact is of inter-
est because the momentum change and the
impact duration are similar to projec-
tile impact, and because this type of
impact has been analyzed mathematically
by several authors.

As stated by Greszczuk (Reference
3), 2 half~sine function can be used as
a reasonable estimate of the force vs.
time profile for ball bearing impact.
A half-sine pulse with a2 124 micro-
second duration and 40,000 Newton peak
amplitude was shown to be a reasonable
approximation of the bhall bearing im-
pact used in this experiment.

A computational technique used by
Goldsmith (Reference 4) was used to
analyze the lower modes of response of
the armor plate to ball bearing impact.
For a central transverse impact of a
simply supported rectangular plate, the
displacement in the Z direction of any
point along the X axis of the plate can
be calculated as a function of time
using the equation shown in Figure 4.
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Note that the displacement and
strain can be calculated directly
using the equations in Figure 4,
Acceleration and velocity were ob-
tained by numerically differentiating
the calculated displacement values.
The solutions were calculated using a
time step of 5 microseconds and 11
harmonics.

Figure 5 compares the calculated
and measured response of the plate to
ball bearing impact. Although the '
plots show significant discrepancies,
(40% on velocity) the measurements and
the calculation demonstrate the same
general trends,

Note how the half-sine shape of
the forcing function dominates the
measurements. The velocity and strain
measurements at Omm show a similar
half-sine shape. As one would expect,
the corresponding acceleration pulse
is roughly a sine wave, passing
through zero at the time when the
velocity reaches its peak.

The strain signal is a tension
pulse at the Omm position and a com-
pression pulse at the 170mm position.
This transition from tension to com-
pression was mentiongd by Doyle
(References 5 and 6) in his discussion

~of measuring the force vs. time of an
impact by using strain signals. A
resemblance to the half-sine shape of
the forcing function clearly dominates
both strain signals.

PROJECTILE IMPACT

Figure 6 shows the target plate
and support structure on the firing
range. Figure 7 shows some of the
soft projectiles before and after im-
pact. The projectile types and strik-
ing velocities are listed in Table 1.

In the previous section, it was
mentioned that the characteristic sig-
nature of the forcing function could
be seen as a compression pulse at the
170mm position, Figure 8 shows
characteristic strain signatures of
various projectile impacts. Note that
the Ball Bearing and .30 Caliber Ball
impacts produce a half-sine pulse of
approximately 100 microsecond dura-
tion. The Fragment simulating projec-
tiles produce a more triangular shaped
pulse of 10 to 50 microseconds in
duration,
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Figure 6. Plate and support structure
on firing,range.

- 75 Al,
proof 3lug

5 cu%g i

. ~

Fiqgure 7. Soft projectiles before and
after impact ac 335 meters/second.

The long term (90 millisecond)
response of the plate is shown in
Figure 9. A hammer impact (H4) is com-
pared to a projectile impact (Round
#28). The hammer ‘mpact lasted ap-
proximately 2 milliseconds and this im-
pact load primarily excites the 250 Hz
resonance of the plate. Round 28 was a
.30 caliber ball impact lasting ap-
proximately 120 microseconds, and it
excites much higher frequencies.
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Neote that

strain magnitude

increases,

In proportion to striking velocity.
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.30 caliber
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Table 1. Types of Projectiles Fired

Type of Projectile Mass Nominal Striking
Bore Projectile In Grams Velocity in
Meters/Sec
(+30)
.30 Calibter Fragment Simulator 2.85 335, 671,
(Steel) & 1006
.30 Caliber Ball (Lead Antimony) 9.85 335 & 671
.50 Caliber Fragment Simulator 13.42 335, 671,
(Steel) & 1006
.50 Caliber Ball (Lead Antimony) 45.88 335 & 671
20mm Fragment Simulator 53.79 335, 671,
(Steel) & 1006
20mm Copper Slug 58.98 335 & 671
75mm Aluminum Proof Siug 2348.0 335

Note that the two displacement
plots are similar in shape, and are
dominated by the 250 Hz resonance of
the plate. The two acceleration pul-
ses are quite dissimilar. The ac-
celeration from projectile impact is 2
orders of magnitude higher in
amplitude and contains frequencies up
to and above the 4 KHz limitation of
the accelerometer used in channel 5.

During projectile impact, undamp-
ed accelerometers with high resonant
frequencies indicated values as high
as 200,000 g's and were destroyed.

Yet damped accelerometers with low
frequency response survived the same
impact and indicated levels of only
200 g's, a discrepancy of 3 orders of
magnitude!

PEAK DISPLACEMENT

Because displacement response was
dominated by the 250Hz resonance, peak
displacement measurements are not
seriously affected by instrumentation
frequency response limitations. Hence
peak displacement is one of the most
accurate measurements made in the bal-
listic shock environment.

An equation for calculating peak
displacement was developed by Westine
(Reference 7) for rectangular plates
with clamped supports. Westine's
equation, was modified by the author
for central impact of a simply sup-
ported square plate by substituting
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a spacial distribution that is described
below. The peak displacement becomes:

Mo Vo
Mo Yo
Zo = 2 V7.316E

Where Zo = Peak displacement at
center of plate

Mo = Mass of striking
projectile (.00985 Kg)

Vo = Velocity of striking
projectile (335
meters/sec)

h = Thickness of plate
(.038 meters)

p = Density of plate
material, (7833
Kg/meter™ )

E = Modulus of elasticity
of plate material
(2.07 x 10"

Newtons /meter )

Hence a .30 caliber bhall projectile
(9.85 grams) striking a 38mm thick plate
at 335 meters/second results in a peak
displacement of 37.3 microns at the cen-
ter of the plate. The spatial distribu-
tion of the displacement (which satis-
fied the boundary conditions of simple
support) is assumed to be:

i seree- 16
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Where 2o = Peak displacement at center Figure 10 shows graphically the
of plate measured peak displacement values at the .
Z = Peak displacement at any 100mm position for the various types of Ei'
point X, Y projectile impacts. Note that Westjne's bf:
X = Distance from side edge of simple momentum prediction works well v
plate to center (,432 over a three order of magnitude varia- %A
meters) tion in striking momentum, s
x = Distance from side edge of ;;:
plate to point of interest PSEUIDO VELOCITY GAGF O
(.332 meters) H
Y = Distance from top or bottom To rectify difficulties with sur- 3%
of plate to center face velncity and acceleration measure- o
(.432 meters) ments, A non-standard velocity measure-~ N
¥ = Distance from top or bottom ment technique was woed., A small pickup jn{
of plate to point of coil was epoxied directly to the armor oW
interest (.432 meters) plate and A magnet was suspended ahove n:n
the coil in a compliant casing as shown s
Hence at a point on the central X in Figure 11, Lacking any hetter name, il
axis of the plate, 100mm from the cen- and because the author di1d neot think the E
ter of a .B64 meter square, the peak idea weould work, this arrangement was :
displacement Z will be .926 of the dubbed the "pseudo velocity qgaqge”, .
peak displacement at the center of the .
plate. Thus, the predicted peak dis- A Hopkinsen bar, instrumented as ’
placement at the 100mm position for a shown in Figure 12 was used to test the >
.30 cal.ber ball impact at 335 pseudo velocity gage. Figure 13 shows r
meters/second 1s 34.5 microns. typlical response of the strain gage, ac- A
celerometer, and pseudo velocity qage to 3
an impact on the Hopkinson bar. ?\‘
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4 TURN COlL

CASING
MAGNET
= WIRE COIL

: /

Figure 11. Schematic sketch of pseudo
velocity gage. Casing is fabricated
from compliant material, allowing
magnet to remain stationary as coil

on plate moves.

HOPKINSON BAR

PSEUDO VELOCITY GAGE

Figure 12. Sketch of Hopkinson bar
used to test pseudo velocity gage.

As discussed by Brown (Reference
8) and others, the strain gage can be
used to measure the velocity of the
free end of a Hopkinson bar according
to the relationship: V = 2ce
Where V = Velocity at the free end

¢ = Wave velocity in the bar

material
Strain measured on

£ bar

Hence the Hopkinson bar provides
two independent measurements of
velocity: one obtained from the
strain gage, and another obtained by
integrating the accelerometer signal,
As shown in Fiqure 14, the pseudo
velocity gage signal agreed well with
these other two measurements of
velocity,
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Figure 14. Comparison of pseudo velocity gage output with strain gage anu lntegrated
accelerometer measurements. Motion produced by impact of .30 caliber ball projectile
(9.85 gram) striking Hopkinson bar at 335 metcrs/second.

FRAGMENT SIMULATING PROJFCTILE TMPACT

Figure 15 shows the three types
of Fragment Simulating Projectiles
(FSF) used in this ~xperiment. These
steel projectiles were fabricated ac-
cording to MIL-P-4f593A and hardened
to a value of 30 on the Rockwell C
scale,

Acceleratinn measurements were
most difficult during FSP impact. The
previously mentioned three order of
magnitude discrepancy in peak ac-
celerarion values occurred during a
.30 caliber FSP impact. To avoj-
destroying more accelerometers, no ac-
celeration measuremnnts were made
during 20mm ISP impact.

The 2Cmm FSP impact was chosen by
Quigley (Reference 9) for aralysis
using A finite element code rormally
used to predict Armor penetration, A
pseudo velocity gage measurement from
a 20mm FSP making a central impact on
a .033 by .305 by .305 meter RHA plate
was made directly behind the projec-
tile impact point.
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F.gure 15.
and Z0min FSP's oefore and afier

Y6 mn Avre/opnmne. A {meinat
g e LL I, LOCTHT e,

.30 caliber, .S5U calibe:,

A cumparison of the pseudo velocity
gace measurement with Quialey's pradic-
tion 1S shown 1in Figure 16. Note that
the agreemen* s ceasonably goord.
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Figure 16. Velocity vs. time measured directly behind impact point on li-inch
RHA plate. Projectile is 20mm Fragment Simulating Projectile (FSP) striking at
335 meters/second. Digitizing rate 2 million samples/second. Calculation
performed by Quigley using finite element code. Acceleration vs. time signal
obtained by differentiating pseudo velocity gage signal.

147




Figure 16 also shows the dif-
ferentiated pseudo velocity gage sig-
nal. Note that the observed peak ac-
celeration values (1 to 3 million g's)
agree reasonably well with Quigley's
prediction of approximately 1 million
g's.

The large magnitude (1 million
g's) of the observed acceleration
pulse is well beyond the range of any
commercial accelerometer, and explains
the loss of accelerometers observed
during earlier 20mm FSP impacts. The
short duration of the pulses {1 micro-
. decond) is assumed to be responsible
" for the wide discrepancies in peak ac-
celeration observed hetween ac-
celerometers with different frequency
response during lower level (.30
caliber FSP) impacts.

CONCLUSIONS

1. The ballistic shock environment is
characterized by very little displace-
ment (measured in microns) and very
large acceleration (measured in mil-
lions of g's).

2, Strain gages can be used to obtain
characteristic signatures related to
the loading function of non-
penetrating projectile impacts.

3. In a2 controlled environment (i.e.,
when a stable reference point is
available), displacement can be
measured readily. Peak displacement
values can be adequately estimated
using the momentum of the striking
projectile.

4. The "pseudo velocity gage"”
provides an adequate surface velocity
measurement in a 1 dimensional
environment,

S. Direct measurement of acceleration
with accelerometers that are currently
available commercially, is impossibhle
in the ballistic shock environment due
to the high level (millions of g's)
and short duration (microsecond) of
the pulses present.
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Discussion

Mr. Si1l11 (ENDEVCO): As the designer of the
accelerometer that he so well destroved, 1 want
to say two things in agreement. We take great
pains to soften the blow on our Hopkinson bar.
We have aluminum mitigators and specially shaped
projectiles to glve us verv low {requency
content pulses by which we can calibrate and
test the accelerometer. Sometimes we forget to
put in the piece of aluminum, We get a direct
metal-to-metal {mpact, and destruy
accelerometers ourselves, with {ndicated
accelerations well in excess of 200,000 or
300,000 g 's. So, I wholeheartedly believe in
vhat yo have done. 1 Lave a question ahout
your cal:hration technique. We are careful to
make sure “he pulse length 1s long so the
assumptions {nvolved {n the Hopkinson bar-~type
calibration hold. What were your pulse lengths,
and did you worry about that frequency content?

Mr. Walton: We used a ball bhearing impact to
calibrate the pseudo-velocity gage, and {t was
anywhere from 87 to 109 microseconds in
duratifon. That is an important thing to
rtemember, because above 100 microseconds, the
little casing for the pseudo=-velocity gage 1is no
longer satationary. It starts to move, and your
results gtart to drift off. Below 80
microgseconds. you have trouble with the
accelerometer. I call 1t the ICE CREAM
calibration. It stands for In-S{tu, that is the
Ice part, Cream {s Calihration Required EAch
Mounting., Every time I put a paeudo-velocity
gage on, I have to drill two little 4-40 holes,
get a 32 microinch finish, and bang the plate
with something that ts high enough to excite
this pseudo-velocity gage, but low enough not to
destroy the accelerometer., There are not a lot
of things that fall into that narrow regfon.

CA From what you are saying, your
remponses were right at the edge of your
fngtrumentation., 1 suspect as You i reasc the
capablilities of the {nstrumentation, you will
et even higher acceleratfons, and higher
accelerations of even sharter duration,
all cight, but what ts the practical
gignificance of all this? Where does it connect
to your design?

Mr, Weiss (RCA):

That is

Mr. Walton: That {s the same question my boss

tnvestigation, and 1 have pushed this an far is
we have to make neasurerments on plates to find
out what {8 there., Before we can do that, maybe
on something that 19 slightly removed where the
high frequencles are damped out, or no%
transmitted as well, we have to have soyme
general lfdea of what {s there on the plate’s
surface; 1t (& very hign frequency, T don't
think one regahertz {s tno bhad for an impact ot
a 20 milUmeter projectile at 1,100 feot per
second., As we get higher impact velocities, and
as we get smaller plates, the frequencles hecome
higher, Ti we get avay from the {mpact arca,
tne frequencies become smaller. The nice thing
about the nseudo-veloclity gage 13 that {t tells

me where 1 can put an accelerometer, 8o it will

survive. At this point that {s perhaps the most
practical application; it survives when the
accelerometer doesn’t, so that 1is very
{mportant.

Mr, Chalmers (Naval Ocean Systeas Center): I
was wondering how your strain gages held up
under those conditions,

Mr, Walton: No problem! The strain gages
survived almost all of the time. The only
problem we had with them was when we used the
foll type which had the little solder tabs on
the strain gage. The place where the solder
was, blew apart. The gage stayed on, and the
wires stayed on; but, the little solder tab had
some mass to it, it flew off, and it was gone.
However, the semi-conductor type with the built-
in leads survived rather well.

Mr. Deleon (ITT Gilfillan): With that kind of
acceleration, 1 would think your material would
spall.

Mr, Walton: No, not yet. It wen’t tuke much
more before it starts to spall. We have noticed
we are getting big bulges at velocities
approaching 100 meters per second. Above that,
the armor will start to spall,
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EVALUATION OF SHOCK RESPONSE IN COMBAT VEHICLES:
SCALE MODEL RESULTS

James F, Unruh
Daniel J. Pomerening
Dennis C. Scheidt

Southwest Research Institute
San Antonio, Texas

A program of shock measurements in a scaled simulated armored vehicle
was instituted to support an effort of shock protection of secondary
components in combat vehicles., The scale model was subjected to air-
blast, land mine blast, and kinetic energy projectile impact. Results
from in-depth evaluation of the scale model airblast test data are
presented with the specific objectives to: 1) assess the reliability
of the recorded data, 2) conduct Fourier and shock spectrum analysis of
the valid test data, 3) determine the approximate metric for data dis-
play relative to secondary equipment survivability, and 4) describe
loads acting on the test fixture for future correlating analyses.
Fourier and shock response spectra analysis of the valid data showed
the scale model response was dominated by ringout of the various funda-
mental panel modes and a significant amount of response energy was
contained within the first five to seven panel resonant modes of
vibration. The acceleration shork response spectrum used for vibration
specification of secondary equipment mounted to the test structure
appeared to display. the importance of the fundamental panel response

much clearer than plots of Fourier amplitude spectral densities.

INTRODUCTION

A program of shock measurements in a scaled
simulated armored vehicle was instituted by the
U. S. Army Tank Automotive Command (TACOM) to
support the Shock Protection of Secondary Compo-
nents in Combat Vehicles program. The scale
model concept, design specification, instrumen-
tation configuration, etc., were developed by
Southwest Research Institute personnel during a
previous program [1]. The test fixture,
weighing 1,600 pounds and representing a 1/4
scale model of a 102,000-pound tank, was sub-
Jjected to nonpenetrating airblast, kinet -
energy projectile impact, and land mine detc-
nation ballistic threats. The Ballistic
Mzasurements Branch of the Materials Test
Directorate (MTD) provided the instrument:tion
for measurement of selected test fixture
response parameters, including 22 channels of
surface-mounted accelerometers and two interior
pressure transducers. Preliminary time domain
data reduction was carried out by the Analytical
Branch of MTD. Many channels showed baseline
offsets, which historically plague high-shock
measurements, and many channels exhibited
ringing which could not be totally explained by
the transducer characteristics [2].
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An initial investigation into amalytically
predicting the measured time history responses
in the 1/4 scale test fixture is reported in
Reference 1. Analysis procedures with varying
degrees of sophistication cr complexity were
developed ranging from impulse-momentum balances
to structural dynamic finite element model time
history analyses. Results of the study indi-
cated that-a more in-depth analysis of the
measured data would be necessary to insure valid
comparison of predictions to test data. The
objective of the present study was to conduct a
more in-depth evaluation of the scale model test

data to: 1) assess the reliability of the
recorded data, 2) conduct Fourier and shock
spectrum analysis of the valid test data,

3) determine the approximate metric for data
display relative to secondary equipment sur-
vivability, and 4) describe loads acting on the
test fixture, the tvst fixture material prop-
erties, etc., for fucure correlating analyses.
The work was reported in three volumes: Vol-
ume [ presented a data summary of all available
information on the test model ballistic loading,
scaling parameters, and expected responses [3];
Volume [I presented detailed test data response-




time histories, Fourier spectra and shock spec-
tra data for the airblast ballistic loading [4];
and Volume III presented similar response data
for the kinetic energy projectile and land mine
ballistic loadings [5]. In the present paper,
discussions will be limited to a brief descrip-
tion of airblast response data results to demon-
sStrate the content of the information contained
in References 3 through 5.

TEST PROGRAM
Jest Fixture

The test fixture, schematically shown in
Figure 1, is a 1/4 scale model of a conceptual
tank. The boxlike structure was 68.5 inches
front to rear, 35.75 inches side to side and
22,25 inches deep, supported off the ground on
all four corners with 4.5 x 18.0 x 1.0 inch
spacer blocks. The tota)l height of the test
fixture was 26.75 1inches. The exterior side
walls of the test fixture were 1/4-inch thick
armor plate with 1/4-inch thick low carbon steel
interfor walls and roof panels.
panels were mainly 3/4-inch thick armor plate,
except for the center panel which was 3/8-inch
thick. The tank engine was simulated with a
block mass as indicated in Figure 1. A1l seams
of the test fixture were welded, except for the
bolted roof panels which facilitated removal for
instrumentation. Two side panels of the test
fixture were fitted with isolated added masses
to simulate mounted secondary equipment. The
test fixture was supported on the ground under
its own weight and thus was free to move subject
to the ground plane constraint.

./4 /é Right - _—_—_/‘T

Vot A |
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Fig. 1 1/4-Scale of a conceptual tank,

three-dimensional view
(shown with top removed)

Estimates of the test fixture panel reso-
nances below 1,000 Hz were made in order to help
interpret peaks in the spectral data. The reso-
nant frequency estimates were based on panels
with all edges clamped (see page 261 of Refer-
ence 6). The panel frequency estimates are

The floor"
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given in Table 1. For the side panels, which
are attached to a roof panel, the freguency
estimates given in Table 1 are considered to be
somewhat high since the effectiveness of the
roof to side panel attachment is not a fully-
clamped support.

Instrumentation and Data Acquisition

The accelerometer 1locations are shown as
positions 1 through 14 in the exploded view of
the test fixture given in Figure 2. A total of
22 accelerometer positions/orientations were
used to acquire the data. Several types of
accelerometers were used according to avail-
ability and the expected input levels.

Test data was recorded on two IRIG Wide-
Band Group I FM one-inch magnetic tape recorders
at a speed of 60 in./sec. In addition to the 12
data channels, a vofce track was available to
key the run type and countdown for the start of
the recorded events. Prior to the event, trans-
ducer calibration signals were recorded on each
tape channel in the form of either a step func-
tion or sine wave.

Ballistic Loading

The test fixture was subjected to airblast,
kinetic energy projectile impact, and land mine
ballistic impulses. Three runs of each type of
loading were recorded on both tape recorders.
As previously stated, present discussion will be
1imited to the airblast loading runs. The air-
blast loading employed spherical charges of C-4
explosive ranging in weight from 3.1 to 3.625
pounds. The charges were placed on the ground
to the right of the test fixture center at dis-
tances of six, eight and ten feet from the right
side of the test fixture. The charge weight and
coordinate locations for test runs are shown
schematically in Figure 3.
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TABLE 1

Panel Frequency Estimates - Out of Plane Response

Transducer Stze** Weight™ Estimated Frequencies
Panel Position (inches) Material (lbi) Based on Clamped Edges (Hz)
., 6,8 x 21 x 21 Armor 31.94 188, 384, 567, 690
Left Side Center ?4' : x 21 x 21: +2 Shear support > 1000 Hz
Left Side Front 4 % x 23% x 21% Armor 35.37 177, 332, 374, 527, 589
Boltom Center 10, 11 3/8 x 13 x 21 Armor 28.97 618, 841, 1236, 1401, 1624
Top Center 12* % x 13 x 21 Low Carbon l?.31 286., 411, 560, 823, 933, 1081
+1.0
o 7 5% x 21 x 21 Armor 31.94 188, 384, 567, €90
Right Side Center {5'5 ; x 2] x le +2 Shear support > 1000 Hi2z
| 00
; Right Side Front 4 8 x 23y x 21 Armor 35.37 177, 332, 374, 527, 589
‘ Engline Mass 9 @ x 2% x 13 | Low Carbon | 363.5

*fransducer mounted on compliant "shock® support with additional mass.
**free edge size,
*Add 0.50 1bs for instrumentation and mounting block.

All data racorded was to measure responses
to the shock input loads. There was no acquired
data that would measure the input loads directly
and, therefore, an analytical prediction of the
loads on the test fixture was made. For the
afrblast condition, the loads are produced by
the impingement of air shock on the structure.
The parameters considered included: 1) the
type, amount, and configuration of the explo-
sive, 2) the location of the charge relative to
the test fixture and other elements including
the ground, and 3) the geometry of the test fix-
ture (rectangular with one face perpendicular to
the explosive charge). Based on these param-
eters, the pressure time histories at various
locations on the test fixture were calculated in
terms of the arrival time, peak pressure, and
pulse duration.

Eventually, the negative gauge pressure reaches
a minimum and rises back to atmospheric. Often,
the generalized history shown in Figure 4 is

Prediction of airblast loading on the
exterior walls of the vehicle is based on the
procedures given in Technical Manual TM 5-1300
{7]. Some of the methods and data presented in
TM 5-1300 are outdated. In these cases, the
most current information available was used in
making estimates of the airblast loading, using
data from References 8, 9, and 10. Under sea-
Tevel ambient atmospheric conditions, the
detonation of an explosive charge propagates a
shock wave into the atmosphere. An idealized Yo.
shock wave resembles the time history shown in
Figure 4. When the shock wave first arrives, 1
t,, @ very steep jump in pressure occurs to a 2
pressure above atmospheric pressure (an over- 3
pressure), Ps- This pressure then decays in a
modified exponential form until it reaches zero
at the time, td. Thereafter, the pressure con-

tinues to decay to below atmospheric pressure.

Location

h wt* X Y
Chagey (1n) (in)
3.10
3.62%

3.625

34.25
34.25
34.25

155.75 .
131.75 0.
107.75 0.

bl 1 Sphere

Fig. 3 Airblast loading configurations
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pressure p(t)

td

ig = f plt) dt

time t

e

+‘2}-— t

Fig. 4 Free-field shock wave

approximated by using a triangular pulse with an
infinitely steep rise at the shock front and
ignoring the negative phase of Toading. The
duration of the pulse, T, will be less than ty
so that the positive phase of loading will have
the same area under the curve when a triangular
loading is used. The area under a pressure time
history s termed specific impulse. In
Figure 4, impulse is the area under the over-
pressure history up to the time ty when the
negative overshoot begins to occur.

Historically, the airblast parameters
described above have been based on graphs
developed from empirical formulations and

experimental data [7-10]. The parameters are
defined in terms of the standoff distance, R,
and the equivalent weight of TNT, W, of the
explosive. ODetailed calculation procedures for
peak pressures and pulse durations for the test
configurations are beyond the scope of this
paper; however, such details can be found in
Reference 3. Typical peak loading estimates for
the centers of the right-side panels of the test
fixture are given in Table 2. As can be seen by
these estimates, the reflected pressure pulse
duration varied from one-half to two milli-
seconds, with peak pressures on the order of 50
to 300 pounds per square inch. The predicted
peak pressures and pulse time durations were
less for the roof panels, rear panels and side
panels of the test fixture than the front
panels, as expected, since these panels provide
a grazing path for the blast wave.

The scale model relatinonships used to
develop the test fixture ar> given in Table 3.
The major nondimensional tern used was the ratio
of inertia to strength. When considering equal
density and strength for the model and prototype
with a geometric scale of 1 to 4, the result is
the scale factors listed in Table 3. Here we
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note that prototype accelerations will be one-
fourth of the model measured accelerations and
prototype loading, or response time durations
will be four times as long. Likewise, model
response frequencies will be one-fourth that of
the model.

TABLE 2

Airblast Loading Right Side
Pressure Time Histories

Coordinates Tine of Peak ' ‘mpulse
{10} o Arrival | Pressure 1e Ouration
tl ’r 1y-8 t,
* b : "o} tasec) | {ps)) (‘Ef ) {msec)
11,40 9.7 15.56 t 118 57 €.99210°2 1.76
a | 2t 128 6782102 1.07
3 1.2 24 9.56c10"2 0.58
36,20 3575  15.66 : 3,08 7 £, 3521072 1.68
| 2.08 146 7.39¢10-2 1.01
1 L3 %9 9.68¢10°2 0.5¢
§7.12  35.75  15.66 1 3.18 57 ¢.98:10"2 1.76
Vo | o218 126 6.75x10°2 1.2
i 3 1.8 %3 8.55¢10°2 0.55
Data Analysis
A preliminary review of all taped data

channels, via visual inspection of oscillo-
graphs, eliminated a majority of the question-
able data. The time histories were digitized at
several different sampling rates with corres-
ponding filtering to obtain a measure of the
effect of passible transducer response and to
obtain a feel for the importance of high-
frequency response. The analog recorded signals
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The Fourier decomposition of the recorded
signals was displayed in terms of an amplitude
TABLE 3 spectral density; that is, the effects of analy-
sis resolution bandwidth (Bw) are emphasized in

1
Scale Medel Relationships the data display. The amplituue spectral den-

~

“

sity is a plot of the fourier amplitude for the 19

given frequency band divided by the square ¢f A

Non-Jimensional Ratios the rasolution bandwidth, i.e., amplitude/(Bw), S‘.’
ri.z. Inertia and thus had wunits of amplitude per Hert: _-_F:

5 trength (the major term) squared. b

LE Lun?eo mass Shock spectrum analysis of the recorded E
oL stributed mass test fixture acceleration responses was carried o
out to evaluate 1imposed shock criteria for W

v secondary equipment attached to the walls of a N

T Kinematic similarity combat vehicle. The shock spectrum is defined ‘\::
as the maximum response of a set of linear W]

W fnerqy release oscillators to the shock recorded as a function $:‘
oL’ trength of the natural frequeacy of the oscillator g”
(11}. There are a number of response parameters -\

(deflection, velocity, acceleration, relative or

Assumptfons: absolute motions) that can be computed for the s
1) Comstant density » ratio = 1.0 shock spectrum.  The most widely-used shock 0y

2) Constant strength o ratic = 1.0 spectra for secondary equipment evaluation is o

3) Geometric Scale L ratio « \ = 1/4 the maximum spectrum derived from a base-excited
system with absolute acceleration input and
absolute acceleration response,

Dl ol

Scaled Factors:

| poale Shock spectrum analysis was conducted using -

| {mode)/ a Spectral Oynamics Model SD 321 analyzer on g

| Quantity Symbol  prototyne) the maxi mode. Maxi moie measures the peak -

i response, positive or negative polarity either 4

| :“‘-":‘: density ° 1.0 during the application of the input or after the S

I Aﬁe;egme::"ng::‘ect1ons 3 {/2 input subsides. The analyzer captured a 0.l- v

. i velozity oo v 1.0 ‘ second time window with a sampling rate of X
. I Time t i/4 40,000 Hz. The 0.l-second time window was suf- v
‘ | Acceleration 3 4.0 | ficient to capture even the longest duration o
. | é”"’”d :‘?5 M 1764 event. Tie analysis resolution was 1/12 octave g
: ; S::Eg{ur:]egziaf:“”"""e ‘: 11/"0“ in the range from 10 through 10,000 Hz. Analy- L:
. | Energy per Unit Volume £ 1.0 ses were carrfed out at several oscillator .
I : Response Frequency f 4.0 damping levels. )
. TYPICAL RESPONSE CATA E
K AS
. Typical time history and spectral response
. data from airblast loading of tne test fixture
- for a panel near the source (location #]) are .
. given in Figures 5a through 5c and for a panel "
L were played into a conic 6080 4-channel spectrum shielded from the source (location #3) 1n Fig- .
I analyzer using a 10¥ pretrigger to insure cap- ures 6a through €c. These data are for latera! B
. ture of the initial response in the data window. (¥) parel response. The time history data are »
‘ An exponential weighting window was used to given for signai durations of 0.40 ard 0.05 *
-: reduce signal leakage for data which was nct seconds. The peak response c¢cn the time his- <
p "rung out" within the data block. The samplirg tories are best detected in the (.05 second time ;
- frequency, cutoff frequency, and frequency resc- window which is attributed to quantization error .
Y lution for the spectral data versus sampling [12] associated w~ith the data window sampling ¢
period are shown in the following table: rase. The peak acceleration for the panel ¢

! —_— - —— e _ nearest to the scurce fs read from Figure 5b at F
. ) : ) . } -642,000 in;sec’ or 1,662 g's. The shielded -
" Sampling . Sampling | Cutoff Frequency panei response peaked at -162,500 in/sec’ or "
. Period | Frequerc, * frequency | Resolutior 420 9's as read from Figure 6b.  The 20-Hz g
; {sec}) | (Hz} { (H7) (H7) bandwidth spectra of Figures Sc and 6¢C corres- ;
., p— e S N pond directly to the 0.05-second time histories. .
, from the spectral density plots, we can see that .

0.01 102,400. ! 40,000. | 106. a majority of the response energy is contained s

0.05 | "20i480. | 8.000. 2. in distinct resorarces belcw 1,000 Hz for hoth !

0.40 _L Z.SGO.J 1,000. 2.5 the near source ard shielded panels., The fol- :

- I R _l e lowing peak analysis of the data in figure 6c¢ *

verifies this visaal observation. .
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Peaks from Figure 6¢ less than 1,000 Hz

Ref. Spectral Amplitude
Frequency Oensity
(Hz) (in/sec’/Hz’) | (in/sec’) | (g's)
140 2.27x10° 9.08x10" 235,
300 2.14x10° 8.56x10" 222.
500 1.36x10° 5.44x10" 141.
710 1.04x10° 4.16x10" 108.
805 1.20x10? 4.80x10" 124.
Expected s
Peak (SRSS) 1.50X10 389.

As can be seen by this data, the five highest
Fourier amplitudes contained in the spectrum out
to 805 Hz result in an expected peak accelera-
tion of 389 g's which compares well to.the 420-g
peak taken from the time history. Thus, if one
can obtain accurate response out to, for exam-
ple, 1,000 Hz, a good estimate of the peak
expected response can be made. In the above
peak acceleration estimate, the phase of each
contributing spectral component was assumed to
be randomly distributed and, thus, the square
root of the sum of the squares (SRSS) method of
addition was used.

Summary acceleration data for the airblast
run 2A are given in Table 4. The time history
and frequency response data for all valid data
channels were evaluatea for peak acceleration
response, apparent resonance response and spec-
tral regions where haystacks of high response
were present. The 8-KHz amalysis range Spectrum
wnre mainly used for the generation of this data
since the 1-KHz analysis data are too narrow to
capture the overall response and the 40-KHz data
were potentially influenced by transducer reso-
nance response. Comparison of the frequency at
which spectral peaks occur in the data and the
estimate of resonant pane! frequencies given in
Table 1 indicate that the test fixture response
was dominated by panel resonances within the
first five to ten modes.

Acceleration response spectra for response
locations 1-Y and 3-Y are given in Figures 7 and
8, respectively. The response spectra are
plotted for oscillator damping values of 0.5%,
1%, and 5%, where the upper response curve cor-
responds to 0.5% damping. The response ampli-
fication of equipment at the panel resonances
are clearly visible in these shock spectra. The
importance of higher-frequency response is also
noted where ampliification above the ZPA (zero
period acceleration) extends well beyond
1,000 Hz.

TABLE 4
Summary of Acceleration Responses, Airblast Run 2A

Peak Response in Time History (9)
AnalysTs Range
Response 40 KHz B8 KHz 1 Hz Apparent Resonance | Frequency Ranges of Apparent
Point T = 0.01 sec T = 0.05 sec T « 0.40 sec Response (Mz) Haystacks of Energy Response
1-y 1662. 1662, 1344, 120-160
1505.
3-y 339. 301, 152. 142 260-340, 500-850
420, 178.
355.
4.y 448, 387. 194, 142 250-340, 500-700
459, 253.
7-Y 2023, 2023. 2023, 128, 142 250-300
8-y 459, 250. 163. 142 260-300, 500-550, 620-550,
378. 301. 720-820
10-2 453, 453, 448, 516
13-y 2466. 2466. 1417, 129, 144
1788,
14-Y 402. 301. 162. 142 250-300, 500-540
347. 233, J
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CONCLUSIONS

The vibration response data recorded during
a test of a 1/4 scale model combat vehicle sub-
Jjected to airblast ballistic excitations was
analyzed for valid data recording, peak acceler-
ations, spectral response, and shock response
for secondary equipment mounted on the walls of
the vehicle, Estimates of the loading condi-
tions were made; however, there was no direct
measurement of the loads for validation.
Fourier and shock response spectra analysis of
the valid data support the following
observations:
1) Test fixture response was dominated by ring-
out of the various fundamental panel modes,
and a significant amount of response energy
was contained within the first five to ten
panel resonant modes of vibration.
2) The acceleration shock response spectrum,
used for vibration specification of secon-
dary equipment mounted to the test struc-
ture, appeared to display the importance of
the fundamental panel response much clearer
than plots of Fourier amplitude spectral
densities.
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YIELD EFFECTS ON THE RESPONSE OF A BURIED BLAST SHELTER

v

T. R. Slawson, S. C. Woodson, and S. A. Kiger
U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

Three dynamic tests were conducted on 1/4-scale structural models of a Civil
Defense blast shelter, The dynamic loading was generated using a High-Explosive
Simulation Technique (HEST) to simulate the peak overpressure and overpressure
Eécay of a nuclear detonation. Simulated nuclear weapon yields and
overpressures were varied from 2.1 TJ (0.5 kt) at 1.10 MPa (160 psi) to 40 TJ
(9.5 kt) at 0.83 MPa (120 psi) to determine overpressures from various weapon
yields that resulted in the same structyral response. The results of these
tests indicate that response of the blast shelter model was approximately equal
for the simulated yield-overpressure combinations listed above. These data were
used to verify pre-test response calculations for the MINOR SCALE Event, a high-
explosive (HE) test of a full-~scale blast shelter sponsored by the Defense

Nuclear Agency (DNA).
INTRODUCTION

A Civil Defense blast shelter capable of
surviving 0.34-MPa (50-psi) peak overpressure
from a 4,200-TJ (1-Mt) nuclear detonation has
been designed for the Federal Emergency
Management Agency (FEMA). The structural
design criteria and the levels of initial and
residual radiation dictated an earth~covered
or buried structure, Structural response
calculations were made using a computer code
(Reference 1) developed at the Waterways
Experiment Station (WES) that includes soil-
structure interaction effects. The first
design of the shelter was experimentally
verified in a series of static and dynamic
tests (Reference 2) on {/4-scale models.
series of static slab element tests were
performed to investigate the effects of shear
stirrup details (Reference 3) and principal
reinforcement details (Reference 4) on the
load~deflection behavior of the roof slab.
Three static box tests (Reference 5) were
performed to investigate alternate roof-wall
Joint detatls to improve constructiblility of
the shelter, Data from these tests were used
t.o improve the atructural design.The shelter
design consists of a shallow-buried, three-
bay, box~type structure constructed of cast-
in-place reinforced concrete. The roof clear
span-to-thickness (L/t) ratio is 15 and the
ratio of depth of burlfal to clear span (DOB/L)
{3 0.36., Tests I{ndlcate that the design will
withatand o 4,200-TJ (1-Mt) surface burst at a
paak overpressure of approximataly 0,83 MPa
(120 psi) with the reserve capacity to
withastand repecated loadings. Dual-use
annglderations require the shelter design to
mant, convontional bulldlng endes, The U.S,
Army Englneer Huntaville Division (HND)

Two
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compared the structural design to conventional
designs (Reference 6) and concluded that the
current design could not be significantly
reduced if the American Concrete Institute
(AC1) code requirements (Reference 7) for dead
and construction loads were met,

A full~scale version of the blast shelter
was tested in the MINOR SCALE HE Event, a
33.5-TJ (8-~kt) nuclear simulation conducted at
White Sands Missile Range, New Mexico, in June
1985. The primary objective of the
preliminary study documented herein was to
determine the range from ground zero required
in MINOR SCALE to produce the results expected
from a 4,200-TJ (1-Mt) detonation at 0.34 MPa
(50 psi). The three 1/l=scale dynamic tests
and the test results are discussed in this
paper.

TEST DESCRIPTION AND RESULTS

The 1/4-scale models used in the tests
had L/t ratios of 15, tensile steel ratios of
0.012, concrete compressive strengths of 21
MPa (3,000 psi), and steel yield strengths of
410 MPa (60 ksi). Each element was
instrumented to measure rebar strains, soil~-
structure interface pressure, floor
acceleration, roof acceleration, and roof
deflection. Free~field measurements included
alrblast pressure, soll stress, and free-field
acceleration, The test configuration for each
test 1s shown in Figure 1. The test bed was
constructed in a 6.1- by 6.1~ by 2.1~m (20~ by
20~ by 7=ft) excavated pit. Sand backfill was
placed and compacted In 15.2=cm (6<in.) lifts
from the floor of the excavation to a depth of
burial (DOB) of 0.3 m (1 ft) over the
{nstrumented structure for cach test. After
backfilling, the HEST charge cavity was con-




structed on the ground surface above the model
structure. The charge cavity consisted of a
wooden framing system covered with plywood and
contained the high-explosive detonat: -~ .ard
that generated the blast loading. The charge
cavity was covered with uncompacts i eand
overiwiden to moméend~rily gl tan b
pressure and thus simulate the peak
overpressure and pressure decay of a nuclear
weapon detonation, Charge cavities for these
tests measured 4,9 m by 4.9 m (16 £t by 16 ft)
in plan for test YE1 and 3.7 m by 3.7 m (12 by
12 ft) in plan for tests YE2 and YE4, Charge
cavity depths were 0.91 m (3 ft) for test YE1,
0.61 m (2 ft) for test YE2, and 0.30 m (1 ft)
for test YE4, The number of strands of
detonating cord was varied to change the
charge density and thus increase or decrease
the peak cavity pressure. Charge densities
were_0.26 kg/m> (0.016 pef) for test YE1, 0.6%4
kg/m> (0.040 pef) for test YE2, and 0.58 kg/m3
(0.036 pef) for test YEU, Pressure decay was

e
Lt e

controlled by charge density, cavity thickness.

(inftial cavity volume), and overburden
height., Overburden heights were 1.22 m (4 ft)
for test YE1 and 0.61 m (2 ft) for tests YE2
and YE4, The charge cavity parameters were
varied to simulate the desired nuclear
overpressures. A more detailed description of
HEST 1s given'in Reference 8,

Table 1 {3 a test matrix showing nuclear
weapon simulation data and maximum midspan
roof response for the three tests. A typical
posttest damage photograph is shown in
Figure 2, A typlcal airblast pressure record
i1s shown in Figure 3. The weapon simulations,
listed in Table 1, were determined by a least
squares fit of nuclear overpressure time
histories (Reference 9) to airblast pressure
data recovered in each test. The duration of
the fit was 20 msec, )

DATA ANALYSIS

The results of tests YE1 and YEY were
similar and can be used to infer yleld
effects. A 35-~percent increase in peak
overpressure resulted in approximately the
same damage when weapon yield was reduced from
4o TJ (9.5 kt) to 2.1 TJ (0.5 kt). Figure U
compares the data from tests YE] and YE4 with
a predicted isodamage curve for a 40~TJ
(9.5~kt) weapon at a 0.83-MPa (120~psi) damage
level, The VSBS code (Reference 1) predicts
that an increase in peak overpressure of 30
percent i3 required to maintain the same leval
of damage from the reduced weapon yields of
these tests,

To use the results of these 1/l-scale
tests to predict the required pressure level
in the MINOR SCALE HE Event, the teat weapon
ylelds must be scaled up to full scale, Using
gube root scaling, the test weapon ylelds
shown in Table 1 should be multiplied by 6l to
convert to prototype ylelds. Therefore, the
soaled weapon yields for tests YE! and YE!
were 2,500 TJ (610 kt) and 130 TJ (32 kt),
respactively, Based on these two data points,
it ta eptimated that Lhe peak overpressuren
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should be increased by approximately 50
percent if the prototype weapon yield is

: duced 7rom 4,200 TJ (1 #t) to 34 TJ (8 xG)
o openult ln the mdes gage level.

LUNCLUS I0Ko AN Reiw vhedDAT IONS

The results of tests YE1 and YE4 verify
the computational procedure used to make
predictions for the MINOR SCALE HE Event, It
is recommended that the prototype blast -
shelter be placed at 0.52 MPa (75 psi) in the
MINOR SCALE Event.
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Discussion

Mr. Cooper (Defense Nuclear Agency): You said
vou used the quarter scale models, What kind of
confidence do you have in scaling for testing
purposes? Do you have a feel for vhat size
scale models you can use to simulate prototype
behavior?

Mr. Kiger: We have had a lot of luck and
experience looxing at quarter scale structural
models and scaling them up to larger scale
models., In this case ve went from quarter scale
to full scale successfully. If the model is
smaller than that, you cannot use conventional
construction techniques; you may have to use the
larger rebars or wire that you would rather not
use., I am not confident in anything much less
than quarter scale, 1 have seen aixteenth or
twentieth scale structural models, but the
failure modes don't look right. Maybe it is my
{nterpretatior. It is important to get the
right failure modes in these structures if you
wish to similate the full scale structures. So,
to answer your question, I think quarter scale
{s as small as I am comfortatle with vithout
scme strong Justification.

Mr. Cooper: You were at the limit there?

Mr. DeLeon {ITT Gilfillan}!: How do you
correlate your area under the impulse curve when
you are testing? Did you have to correlate that
in your data?

Mr. Kiger: You use cube root acaling to get the
correct imoulse,

¥“r. Deleon: Is 1t the same as the one megaton?

Mr. Kiger: Mo, the impulse will not be the
game. In this case it will be an eighth smaller
or a fourth gmaller on the quarter scale. Psi
gcaled 1s one, The second scale is like your
gcale factor., 50, you should put less impulse
on your model to get an accurate simulation.

Mr. DeLeon: When v¥ou scale it to one quarter
scale, vour deflection curve is not a function
of the loading pattern. It seems to correlate
with the deflection c.urve wher you take the
deflection curve into your scaling factor. If
you go fron a quaarter scale model to full scale,
the loeding pattern on the scaied atructure
should have changed immensely.

Mr., Kiger: We tested several different sizes,
and you 45 get veiy similar loading patterns on
the small scale gtructures as they deflect.
Your total impulse will be to a different
scale, The pressures are the same.

vir, Flathau {JAYCOR): If you take the peak, and
we are scaling or looking at the deflection, the
peak deflections will scale wiilh time. We scale
the deflections as the lengths scale, and alao
time is the inverse. 7t is scaling properly.
Time 18 in the deflection dormain also.
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Mr, Kiger: The only question is vhether cube
root scaling is valid, and is it videly accepted
in the community? If you use cube root scaling,
you will get onc over lambhda times the impulse
on the model structure that you get on the
prototype structure, 8o, you will reduce
impulse.

-

“¥

X2
v
*f

= v
s
oA

|z

-‘i' ,
-

b
s
5

i

W'.'.'q"l'A-A'A‘
LY ""(-
PN s,

P

.,.,..
p'l'o‘
R T
IRV RVER D &Y

.
>

o
LA

2ty Y

PUICK
?-,{’l

L S ]

A
a,

o |

: ¢
l_('./l.

N
2
o

&
. a

7

- -
t 4

s

P
o

BT |
LI

"q]lg?:fciv

JL(‘.- 4'&4 S

.
o o

'.\.'o.."lﬁ

[

h




SHELTER RESPONSE IN A SIMULATED 1-MTI' NUCLEAR EVENT

S, C. Woodson, S. A, Kiger, T. R, Slawson
u. S. Army Englneer Waterways Experiment Station
Vicksburg, Mississippi

A full-scale, 18-man capacity corrugated metal blast shelter was tested using a

High Explosive Simulation Technique (HEST).

The HEST simulated the airblast

‘component of a ¥,200-TJ (1-Mt) nuclear surface burst with a peak overpressure of

approximately 0.37 MPa (55 psi).

The main chamber of the shelter was 9 m (29

ft) long, 2.7 m (9 ft) in diameter, and constructed from 10-gage, galvanized

corrugated steel.
compacted sand.

The shelter was buried to a depth of 1.2 m (4 ft) in
‘In~structure shock acceleration data recorded during the test

were used to generate shock spectra at damping equal to 5 percent of critical.
These shock spectra can be used to evaluate equipment and occupant

* survivability.

Results indicate that occupant survivability is highly probable

with no injury, and that survivability of generators and communication equipment

can be achieved by shock isolation.

INTRODUCTION

The Waterways Experiment Station (WES)
conducted a verification test of an 18-man
civil defense blast shelter in support of the
Federal Emergency Management Agency (FEMA)
KeyWorker Blast Shelter Program. FEMA tasked
the U,S. Army Engineer Division, Huntsville
(HND) ‘to investigate feasible expedient
keyworker blast shelter designs, and WES
supported the HND effort with a design
verification test of an 18=man galvanized
steel expedient shelter. An expedient shelter
is one consisting of prefabricated components
which can be installed in a time period of
less than 2 weeks when an international crisis
develops. Expedient shelters generally have a
20-man or less capacity.

Shelter design parameters required that
the shelter survive a peak overpressure of
0.34 MPa (50 psi) from a 4,200~TJ (31-Mt)
nuclear weapon detonation. The structural
design criteria and the levels of initial and
residual radiation associated with the threat
weapon dictated an earth~covered or buried
structure, A depth of burtal of 1.2 m (4 ft)
was required to meet these criteria.

The dynamic test was performed to
investigate structural response and to
evaluate survivability of the shelter's
equipment and inhabitants, Three {nstrumented
mannequins were placed inside the shelter to
investigate ocoupant survivabllity. This
paper desaribes the dynamic test and analyzes
the shock environment within the shelter, A
more detalled descriptlon of the test
procedure and results is presented in
Reference 1.

TEST DESCRIPTION AND RESULTS
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The shelter consisted of a 2,7-m (9-ft)
diameter galvanized corrugated steel culvert
section approximately 9 m (29 ft) long with
end plates, ventilation equipment, a
generator, bunks, and an entryway with a blast
closure. Two instrumented anthropomorphic
mannequins (one sitting and one prone) were
placed on two of the shelter's 18 wall-mounted
bunks. Another mannequin was placed in the
standing position. Triaxial accelerations
measured the response of each mannequin during
the test, and a high-speed camera monitored
the motion of the mannequins. The structure
and free field were instrumented to measure
blast pressure, soil stress, steel strains,
accelerations, and structural deflections, A
total of 60 channels of data were recorded
during the test,

The test configuration and locations of
the two accelerometers discussed in this paper
are shown in Figure 1. The test pit measured
approximately 15 by 11 by 5 m (48 by 36 by 16
ft). A 0.6=m (2-ft) layer of flume sand was
placed in the test bed prior to placement of
the shelter. The sand backfill was placed and
compacted in 15-cm (6-~inch) 1ifts from the
floor of the excavation to a depth of burial
of 1.2 m (4 ft) over the instrumented
structure, After backfilling, the charge
cavity was constructed on the ground surface
above the shelter. The 15- by 11~ by 1~m (47 -
by 36- by 3-ft) charge cavity consisted of a
wooden framing system covered with plywood and
oontalned the high-explosive detonating
cord, A 1.2=m (U-ft) layer of uncompacted
sand overburden was placed over the charge
cavity, confining the blast presaure to
simulate the peak overpressure and
overpreasuro decay of a nuclear weapon
detonation. _



The weapon simulation was determined by
choosing the best fit, in a least squares
sense, of 45 msec of the airblast data to an
actual nuclear weapon pressure~time history as
defined by Speicher and Brode in
Reference 2. The procedure used to select the
best fit is defined in some detail in
Reference 3. The best fit weapon simulation
was a 4,200-TJ (14Mt) yield at a peak
overpressure of 0.37 MPa (55 psi).

Posttest observations revealed only minor
structural damage. Permanent diameter changes
were less than 2.5 cm (1 in.), and rigid body
displacements were limited to approximately
1.3 em (0.5 in.). The entranceway, closure,
and entranceway-shelter connections incurred
no damage, and the end plates of the main
chamber were undeformed. Also, the mechanical
air-moving system and generator were
functional posttest., Posttest mannequin
positions were similar to pretest settings.

IN-STRUCTURE SHOCK

In-structure shock is typlcally
represented in terms of shock spectra. Shock
spectra are plots of the maximum responses,
usually of relative displacement,
pseudovelocity, and/or absolute acceleration
of all possible linear oscillators with a
specified amount of damping to a given input
base acceleration~time history. Predictions
of shock spectra for vertical effects from a
§,200~TJ (1-Mt) surface burst were made by
Applied Research Associates, Inc. (Reference
4). The predicted shock spectra at the 0,34~
MPa (50~psi) peak overpressure level are
presented in Figure 2.

Vertical shock spectra were generated from
acceleration data recovered in the dynamic
test using a computer code developed at WES,
The experimentally determined shock spectra’
were calculated using damping of 5 percent of
eritical and smoothed versions are shown in
Figures 3 and Y4 for accelerometers A6 and A9,
respectively. As shown in Figure 1,
accelerometer A6 was located on the steel
structure and A9 was located on the plywood
floor of the shelter. Comparison of Figures 2
and 3 shows that maximum values of velocity
and displacement of the structure are less
than predicted, but that the maximum value of
acceleration (38 g's) is greater than the
predicted 29 g's, Comparison of Figures 2 and
4 shows that maximum values of velocity
(95 in./sec) and acceleration (80 g's) of the
plywood floor are higher than the predicted
(80 in./sec and 29 g's, respectively), and
that the maximum value of displacement (0.8
inoh) {s lower than the predicted 4.2 in,
Note that the simulated peak overpressure is
slightly greater than the 0.34-MPa threat
overpressure, At frequencies greater than
about 100 Hz, the experimentally determined
shook spectra may not be representative of
shock spectra due to an actual nueclear
datonation, This (s the result of
osailiations In tha surface airblast loading
that is characteristic of the HEST charge
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cavity. The maximum acceleration value of 80
g's shown in Figure 4 reflects a shift from a
calculated value of about 120 g's, resulting
in a maximum plywood floor acceleration twice
that of the structure. It is believed that
the calculated value was affected by the
oscillations in the HEST airblast loading that
would not be present in overpressures
generated by actual nuclear weapons.

SURVIVABILITY

The vertical shock spectra in Figures 3
and 4 can be used to determine whether shock
isolation is needed for a given plece of
equipment, provided fragility curves for the
equipment are known. Alternatively, these
shock spectra can be used to write shock
resistance specifications that equipment must
be able to withstand, Figure 5 compares the
experimentally determined shock spectra with
safe response spectra for typical floor-
mounted equipment from Reference 5. Figure 5
shows that motor generators and communication
equipment should be shock lsolated to
survive, The generator inside the tested
shelter was supported on vibration mounts on a
mounting skid and incurred no damage.

References 6 and 7 discuss human shock
tolerance. The effects of shock on personnel
inside the structure depend on the magnitude,
duration, frequency, and direction of the
motion. Also, the position of the man at the
time of shock influences its effect.
References 6 and 7 conclude that a standing
man will receive compressive Injuries in the
body-supporting bones if the upward floor
acceleration exceeds 20 g's during a long-
duration loading. The injury threshold
increases as the duration of the load
decreases. Reference 7 recommends using a
maximum design acceleration of 10 g's at
frequencies at or below man's resonant
frequency in the standing position (10 Hz).
The experimentally determined shock spectra
show that, at overpressures slightly higher
than the design overpressure, no injury will
oceur. Since human shock tolerance is higher
in the seated and prone positions than in the
standing position, the probability of injury
decreases,

Impact injuries occur at much lower
accelerations than compressive bone
fractures. Generally, impact injuries may
occur at accelerations of 0.5 to 1 g for an
unrestrained man in the standing position or
seated positions. These injuries are the
result of falling and hitting the floor or
other objects., Impact injuries may be reduced
by padding or restraining to prevent
movement., High-speed photography monitored
the response of the three unrestrained
anthropomorphic mannequins during the test,
The high-spced movie footage showed that
Impact injuries are not probable, although
vertlcal accelerations of 3, 6, and 9 g's were
measured on the prone, standing, and sitting
mannequlns, reaspectively.




CONCLUSTIONS AND RECOMMENDATIONS

Based on results of the full-scale Jdynamic
teat, in-structure shock in the 18-man
Keyworker B8last Shelter is w@ithin acceptadble
1imits for occupants. It {s recommended that
tLypical blast-shelter equipment such a3
generators and communication equipment be
shock lsolated to ensure survivabdbility.
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Discussion

Mr. Unruh (Southwest Research Institute): Did
you have any pressure gages on the interior to
measure noise like a booming noise inside the
shelter?

Mr. Woodson: We did have an air-blast pressure
gage mounted inside the structure. As I recall,
it measured a very low overpressute, something
like two psi.

Mr. Unryh: Was that dynamic overpressure or
just a very low frequency?

Mr. Woodsun: Basically, it was a static
overpressure after filling that large a volume,
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VIBRATION CHARACTERISTICS OF A LARGE~SCALE BURIED STRUCTURE

F. D. Dallriva and S. A, Kiger
Research Structural Engineers
U.S. Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

A highmexplosive dynamic test was conducted on a large-scale. (approximately 1/2-
scale) reinforced concrete box~type structure at a depth of burial (DOB) of 20
percent of the roof span. Prior to the high-explosive test, vibration tests
were conducted on the structure both before and after placement of the sand
backfill, The objectives of the vibration tests were to determine the effects
of the soil cover on the structure's vibration characteristies (i.e., natural
frequencies, mode shapes, and damping) and to evaluate possible scale effects by
comparison with results from previous tests conducted on a similar structure at
a smaller scale. Results obtained for the roof of the structure are presented
in this paper. Addition of the sand backfill reduced natural frequencies and
increased damping ratios for the roof of the large-~scale structure. The
frequencies of the smaller structure were not changed significantly after
addition of the backfill, which was most likely due to the nonlinear nature of
the soil~structure interaction effects caused by the backfill., - The fundamental
frequencies corresponded well before addition of the backfill, which indicated
no significant scale effects, at least in the elastic range befcre backfill,

INTRODUCTION

A large-scale reinforced concrete box-type
structure was tested dynamically by the U.S.
Army Engineer Waterways Experiment Station in
support of the Shallow~Buried Structures
Program sponsored by the Defense Nuclear
Agency. The dynamic loading was produced
using a High~Explosive Simulation Technique
(HEST) to simulate the overpressure and
duration associated with a nuclear
detonation. One of the test objectives was to
determine the effects of scaling on the
structural response by comparison with
previous tests conducted on smaller scale
models., Another objective was to evaluate
current analysis procedures for predicting
structural response to simulated nuclear
overpressures, An important parameter in the
analysis of burled structures involves the
determination of soll-structure interaction
effects, For example, when conducting a
single-degree-~of~freedom analysis to determine
roof response, the natural period of the roof
must be determined. Soil cover on the
structure should influence vibration
characteristics in two ways (Reference 1).
Firat, because the s0ll has shear strength,
deflections of one part of the soil relative
to another will generate shear forces that
tend to confine the structure, restricting its
motion and increasing its natural frequency,
while some of the soll 1s expected to move
with the structure, producing an added mass
effect and de:creasing 1ts natural frequency.
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The procedure discussed in Reference 2
modifies the frequency calculated for the
uncovered structure by a multiplication factor
to account for the addition of the soil

cover. However, it places a limit on this
added mass effect stating that below some
critical DOB, a further increase in depth of
soil cover would provide no corresponding
increase in the soil-mass effect on the period
of vibration., It suggests that a conservative
value (from a vulnerability analysis
perspective) for this critical depth be taken
equal to the span of the roof slab, The
objectives of the vibration test on the large-
scale buried structure were: (1) to evaluate
scale effects by comparing these test results
Wwith previous results obtained from vibration
tests conducted on an identical structure one-
half the size of this test structure, and (2)
to determine the effects of the s0il cover on
the vibration characteristics of the
structure. This paper describes the test
procedure and results obtained for vibration
tests conducted on the roof of the structure
before and after addition of the sand
backfill,

MODEL STRUCTURE

The test structure was constructed of
cast-~in-place, steel-reinforced concrete. The
inside dimensions were 2.U44 metres (8 feet)
high by 2.44 metres (8 feet) wide by 9.75
metres (32 feet) long, and overall thickness
of the roof, floor, and walls was 0.285 metre




(11,2 inches). Concrete cover over the
principal reinforcing steel was .0254 metre

{1 inch) which produced an effective depth of
0.243 metre (9.6 Inches). Principal
reinforcing steel was 1 percent for both
tension and compression. The model was
constructed on 0.762 metre (2.5 feet) of sand,
and sand backfill was placed around and over
the structure to a depth of 0.488 metre (19.2
inches). This provided a DOB equal to 20 -
percent "of the roof span. All sand was placed
in 0.152-metre (6~inch) lifts_and vibrated to
a density of about 1,682 kg/m3 (105 1b/ft3).
Structural details and backfill details are
shown in Figure 1.

EXPERIMENTAL PROCEDURE

A grid was established on the roof inside
the structure, and the intersections of the
grid lines were used as force input
locations, A pilezoelectric accelerometer was

mounted on the roof for output in the vertical

direction. The force input points and
accelerometer location are shown in

Figure 2, A technique employing an
instrumented impulse hammer was used to excite
the structure, The hammer used was a PCB
Model GK291850 S5.44-kilogram (12-pound)
impulse hammer. A load cell in the hammer
recorded the force~time input and the
structural response was measured by the
accelerometer, Peak input force levels varied
between hammer hits, but were approximately
5.33 kilonewtons (1,200 pounds). Force and
acceleration measurements were digitally
recorded as transfer functions (acceleration
divided by force) using a structural dynamics
analyzer. To average down random noise, each
point was hit five times. The analyzer used
was a ZONIC Model 6080 Multichannel Signal
Processor. The input and output were also
recorded using analogue equipment as a
backup. Access to the structure after
placement of the backfill was provided by a
corrugated metal culvert which was installed
during the backfilling process.

EXPERIMENTAL RESULTS AND DISCUSSION

The frequency response functlons obtained
from the measured accelerations and input
force signals using the FFT analyzer were used
to estimate the modal parameters of the
structure (i.e., natural frequencies, mode
shapes, and damping ratios). Typical plots of
frequency response functions, and
corresponding coherence plots obtained before
and after placement of the backfill are shown
in Figure 3. As can be seen, the ~esonant
peaks obtained for the uncovered s:iructure are
much more narrow than for the buricd case,
indicating a likely increase in the damping
due to the soil cover. Comparison of the test
results before and after backfill indicates
that the resonant frequencies of the roof
decreased after backfill. The fundamental
mode of vibration is the most important mode
when considering the response of the roof to
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blast loads. The frequency of the fundamental
mode before placement of the backfill was T8
Hz and after placement of the backfill was 53
Hz. These results provide evidence that at a
20-percent DOB in sand bvackfill, the added
mass effect is greater than the corresponding
stiffening effect provided by the backfill, A
comparison of these results was made with
those obtained for an identical structure one~
half the size of this structure (Reference 3)
which was buried at a DOB of 50 percent of the
roof span in sand. Those results indicated no
significant change in the resonant frequencies
before and after placement of the backfill.

At this DOB, the stiffening effect apparently
offset the effect due to the added mass,
thereby causing the resonant frequencies to
remain unchanged. Another probable reason for
differences in the frequency characteristics
of the large~ and small-scale structures after
addition of the backfill {s the nonlinear
nature of the soil-structure interaction,
confining (atiffening) effects of the
surrounding soil backfill are deflection
dependent. Because the small-scale structure
was excited with an electro-hydraulic vibrator
at a peak force of about 2.22 kilonewtons (500
pounds), much larger relative deflections
occurred; therefore, larger confining forces
were generated. This resulted in an apparent
stiffer (higher frequency) structure. The
resonant frequency of the fundamental mode of
vibration for the smaller structure before
placement of the backfill was 152 Hz, This
corresponds well with the value of 78 Hz
obtalined for the large-scale structure since
the frequencies should differ theoretically by
a factor of two. Mode shapes corresponding to
the fundamental mode of vibration of the roof
for the uncovered and covered structure are
shown in Figure &,

Damping of the roof was increased after
backfill, This result was expected since the
soil backfill should allow energy to be more
efficiently radiated away from the structure
during vibration. Damping ratios for the
uncovered structure ranged from 1.8 to 7.0
percent of critical., After placement of -
backfill, the damping ratios ranged from 7.1
to 12.3 percent of critical,

Expressions given in Reference 2 for the
period of vibration of a one-way reinforced
concrete slab with fixed ends were used to
calculate natural frequencies of the roof
before and after placement of the backfill for
comparison with experimental results., The
roof slab fundamental period is given by:

The

SI Units English Units

12/21,580 d p? T = 1L2/5,900 d p*

where

natural period, seconds
slab span, metres (feet)
effective depth of slab, metres

[N ]
[

<3

(inches)




p = tension steel reinforcement ratio,
which {3 assumed to be the same at the center
and at the edges of the slab
For the large~scale structure:

T = ,0113 seconds
and the fundamental frequency is

f = 88.5 Hz (78 Hz measured)

The fundamental period after addition of the
soll backfill is given by:
SI Units English Units

To= T (0.8 h/dy + V5T, = T (9.6 0/, + 1)k

where

T = period of vibration of the roof slab
uncovered

h = depth of s0il cover over the roof
(but not greater than the roof span), metres
(feet)

dc = total thickness of the roof slab,
metres (feet)

For the large-~scale structure covered

T, = 0.0174

and the fundamental frequency is
f. = 57.5 Hz (53 Hz measured)

The experimental and calculated values of
the fundamental frequency for the uncovered
structure differ by about 13 percent and for
the covered structure by about 7 percent. The
expressions given above seem to be reasonable
estimates of the natural period for this
particular structure in both the buried and
uncovered configurations.

CONCLUSIONS

The frequencies obtained before addition
of the backfill for the fundamental mode of
vibration of the large-scale structure
correspond well with that obtained for the
smaller scale structure in Reference 3. This
seems to indicate an absence of any
significant scaling effects in the elastic
deflection range for the uncovered
configuration, The addition of the soil
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packfill to the large-scale structure
effectively reduced the frequenclies and
increased damping ratios; however, the
frequencies of.the smaller scale atructure did
not change significantly after addition of the
backfill, This can probably be attributed to
the greater DOB of the smaller structure
relative to its span and the nonlinear nature
of the soil-~structure interaction, .Reference
3 'indicates that the effect of soll on natural
frequencies and damping appears to be
dependent upon the structure/soil stiffness
ratio and that parametric studies employing
vibration testing should be conducted on
concrete slabs having various -span-to-
thickness ratios with a variety of carefully
controlled backfill conditions., Care should
be used, therefore, when applying
semiempirical design manual techniques such as
those presented in Reference 2, '
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A "NUMERICAL GAUGE™ FOR STRUCTURAL ASSESSMENT

T. Krauthammer
Department of Civil and Mineral Engineering
University of Minnesota
Minr~apolis, Minnesota 55455

information.

A simplified numerical procedure for the behavioral assessment of rein-
forced concrete structural systems unde: the effects of blast and shock is
presented, and demonstrated. This approach is based on the consideration of
specific structural behavior mechanisms,
are known to determine the systems performance. A computer code was developed
which can be employed by the designer and analyst as a “"numerical gauge" for
obtaining pre- and post-event structural assessments based on design or site
A total of sixteen actual cases were studied by the present
approach, and the results are presented and discussed.

and soi)-structure interaction which

INTRODUCTION A} ACKGROUND

Structuvril response under the effects of
blast and shtinck loading conditions is of concern
to hardenes facilities designers who usually
enmploy adva.ced nurmerical techniques, such as
firite element codes, fcr the assessment of
protective systems. These procedures are
expensive and require significant resources for
obtaining adequate results, and the engineer
wculd prefer to employ simple numerical tools
for fast, yet accurate, rtructural analyses.
Also, {if such procedures were avalilable they
would be employed for pre test predictions and
for post-test evaluation of model strustures.
This 1idea 1is not new, however, the present
method may add to the flexibility of this
general approach. Previous studies have
demonstrated the effectiveness of ~mploying
single-degree-of - freedom (SDOF) systems for the
assessment of structural response under varlous
types of dynamir loads. That anproach was
furcher refined in order to explicitly consider
the effects of specific structural mechanisms,
soil-structure interaction, and loading
conditions on the dvnamic structural response.
The analyst can represent design changes through
their Iinfluence on thesr mechanisms, and observe
the resulting variatlons {In the structural
Leliavior . This approach waz cmpleyed at
University of Minnesota for the analyses of
shallow-buried reiniorced concrete box-type
structures under simulated nuclear tiast
effects, and also for Thighlighting the
differences between that tvpe of behavior and
the responce of similar structures under the
effects of localized conventional drtorations

b
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As . result of these studies it was possible to
demonstrate that complicated structural
mechanisms cuan be accurately formulated into a
SDOF approach, and that a simplified numerical
method can provide accurate predictions and
post-test assessments of the structural
behavior. Furthermore, this analytical
technique can be employed as a "gauge" for
performing rapid and 1nexpensive nunmerical
experinents providing accurate results fo1
hardened systems assessment.

Structurel behavior under blact and shock
induced loads can be ¢ vided into two principal
groups. The first group 1includes structures
under simulated .aucliecar envivonments while the
second {s compos:d of structures subjected to
localized effects such those associated with
conventional explosives. The following
discussion will emphasize the differences
between these two cases.

Flat-roof structures wuncer simulated
nuclear loads have bheen studied both
experimentally and through numerical evaluations
in order to understand :heir behavior wunder
severe blast loading ~onditions
V9.10,12,14,16,20,21,22,25. and 26,. It was
noticed experirmentallv {9’ that the roofs
exhibited two types of behavior as follows. one
group of structures had a flexural response
while another group was influenced primarily by
shear. At that point {t Lecame extremely
{mportart to urderstand both the flexural and
shear modes of behavior, and to b able to
predict that performance based on rational
models for structiral mechanisms. “he structures
were analyzed by finite element technigues
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[6,15,16,25] where it was
the observed hehavior; nevertheless, such
analyses were expensive and time consuming.
Another analytical approach was proposed based
on a SDOF computation combined with a Timoshenko
Beam wmodel, and a shear stress vs. shear slip
model for the concrete [21], A different
simplified approach was proposed based on
introducing structural resistance functions into
a SDOF technique, and including modified failure
criteria for separating flexural cases from
those controlled by shear {12]. That approach
seemed to produce behavior predictions that were
on average within seven percent from the
experimental data. The quality of the numerical
results indicated that it would be possible to
improve the results by using more accurate
descriptions of structural mechanisms and soil-
structure interaction effects, as described in
[14]. Indeed, including explicit models for
dynamic shear and thrust effects on reinforced
concrete slabs improved the numerical results to
be on average within five percent from theé
exparimental values, :

possible to reproduce

Structural behavior under the detonation of
conventional explosives is a subject of renewed
interest. Crawford gt al. [3] compiled existing
information based on practical experience and
limited scientifiec studies, and provided
recommendations on the computation of
environments, structural response, and the
design against such effects. Nevertheless, many
effects may not be accurately computed from the
recommendations in (3], and one needs to employ
later information by Drake and Little (4],
Henrych [5), Kiger and Albritton [8], Vretblad
[23], and Westine and Friesenhahn [24] which
provided further data on the subject. Based on
those studies it seems to be rational to expect
differences in behavior between structures under
simulated nuclear effects, and those subjected
to localized high explosive environments, as
briefly outlined by Krauthammer and Parikh [13].
In order to study such differences, and to
perform a meaningful comparison it was decided
to choose two sets of experiments performed by
the

same investigators [8, and 9] on very
similar structural systems. One set of
experiments (8] was governed by localized
effects while for the other ([9] simulated

nuclear effects were emploved. The comparison
will be performed by employing the SDOF approach

that will serve as a '"numerical gauge" to
highlight the differences in the structural
responses. Furthermore, the "gauge" will also
be wused to identify the nature of such

differences, and their physical origin.
EXPFRIMENTAL OBSERVATIONS AND BEHAVIOR
Structures Under Simulated Nuclear Epvironment

Data from tests on shallow-buried box-type
structures, as presented in several publications
{7,9,10,20, and 22], can be combined with
results from previous studies on this tople
{2,6,12,14,15,16,21 and 25} for oproviding a
description of the systems behavior.
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When the simulated airblast is applied to
the soil free surface a corresponding shock wave
18 induced in the soil which travels vertically

downward until meeting with the structure.
Based on data from soil stress gauges and
interface pressure gauges it seems that the

shock front is quite planar, and any modulation
in the interface pressures will appear as a
result of wave reflections and soil-structure
interaction that 1includes soil arching.
Naturally, this later pressure-time history is
not uniformly distributed over the roof slab.
The structural response was controlled either by
shear that may result in a direct shear failure
at the supports at a very early time (based on
the test data in references [9] and {22] this
time seems to be slightly over one msec after
the arrival of the shcok front), or by flexure
where the roof slab may exhibit membrane effects
initially in compression and later possibly also
in tension. From the observed behavior it
becomes quite clear that Iin the event that
direct shear is the mode of failure the
structure will not be allowed sufficient time to
develop any meaningful flexural response, and
therefore one can justify the uncoupling of the
direct shear response from a possible flexural
response. Furthermore, one may wish to adopt a
reliable model for direct shear in order to be
able to represent the observed shear failures,
and such a model may not have to include the
possible effects of moments and rotations at the
shear failure region.

Additional information on these structures
was summarized in [14), and it contains a
detailed discussion on the relationships between
structural behavior and analytical capabilities.

Structures Undex localized Conventional Effects

The two structures tested under the effects
of conventional detonations were geometrically
identical to those tested under simulated
nuclear effects. There were some differences in
the material properties for steel and concrete,
as adequately discussed in [8]. Overall, there
were five shots for structure 3C, and eight
shots for structure 3D, Each shot was performed
by the detonation of a 21 1lb. (9.5 kg) spherical
TNT charge at distances between 2.7 ft (0.8 m)
to 10 ft (3.0 m). The charges were buried to be
positioned at the structure mid-height, and
thus, it was expected that the peak pressures
would be measured at the wall slab center while
the load on the slab would be distributed
symmetrically to that point. The main
difference between the structures was that in
structure 3C the slab thickness was 5.6 in. (142
mm) while it was 13 in, (330 mm) for structure
3D, and the free span wall slab dimensions were
4 x 16 feet (1.2 x 4.9 m), The structural
behavior for the various events during these
tests were described in [8), and are summarized
as follows,




t+ Tests 1 through 3 were conducted
with the charges located geometrically away from
the midlength of the structure, and the
structure sustained no structural damage due to
Test 1 at a range of 8 ft. (2.44 m)., Moderate
cracking was obaerved at the center portion of
the wall section after Test 2 at a range of 6 ft
€1.83 m), and the cracks radiated longitudinally
along the wall. Test 3 was conducted on the
opposite side of the structure at a range of 4
fr. (1.22 m), and this test produced extensive
damage to the wall, which was displaced inward
approximately 10.5 in., (267 mm). Breaching of
the wall was believed to be imminent due to the
large displacement and the considerable amoutn
of concrete spalling, but response of the wall
section appeared to be in a flexural mode. The
affected wall section was approximately 4 ft.
(1.22 m) high by 8 ft. (2.44 m) long. Test 4
was conducted at a range of 2.7 ft. (0.82 m)
from the end wall of the box and produced
catastrophic damage to the  end wall, which was
completely blown away and into the intexior of
the structure. Test 5 was also at a range of
2.7 fe. (0.82 m) but was located between the
midlength and the end wall of the structure.
This explosion also produced catastrophic
damage, and a large portion of the wall was
destroyed, and the reinforcing mat was ruptured
and drastically displaced. Tests 3 and 5
bracket the charge range to produce breaching of
this structure wall and should lie between 2.7
and 4 ft. (0.82 and 1.22m).

Structure 3D: Structural damage to Structure 3D
was not visible until the completion of Test 6,
located at a 4 ft. (1.22 m) standoff distance.
(Tests 3 through 5 were attenuation tests on the
structure end wall). Test 6 produced minor
longitudinal cracks on the structure wall. The
explotion effects from Test 7 at a range of 2.7
ft. (0.82 m) were sufficient to produce moderate
cracking of the wall, roof slab, and floor slab.
Vertical cracks on the wall continued as
transverse cracks across the roof and floor, and
up and down the opposite wall, indicating that
the entire structure responded as a large box-
beam. When the charge was moved in to a 2 ft.
(0.61 m) ragne, the structure was breached. A
gaping hole was blown in the side of the wall,
and the wall section was displaced inward to the
opposite wall., Response of the structure wall
during this explosive loading appeared to be in
a shear mode, The block of wall blown in was
nearly intact, 4indicating that very 1little
flexural response occurred. The shearing mode
of response appeared to be more typical of a
direct shear rather than a diagonal shear.

The observed behavior of the test
structures, and information provided in the
l{terature indicate that one should antlicipate
important differences in structural response
between the simulated nuclear and localized
conventional loads., Localized effects will tend
to cause localized damage while the simulated
nuclear loads will tend to uffect an entire slab
or even the whole structure, The arising
differences will have to be highliphted by the

numerical approach, and careful attention needs
to be pald to the corresponding differences in
the structural mechanisms which govern the
response,

LOADING FUNCTIONS AND STRUCTURAL MECHANISMS

The analytical approach adopted for the
present study is based on a SDOF approximation
for the shallow-buried reinforced concrete box-
type structures that were studied by several.

-investigators, as discussed previously here.

This basic approximation is well known, and has
been discussed and wused extensively for the
analyses of linear problems, one such example is
the. book by Biggs [2]. There are well
established procedures for deriving the various
parameters that would be required for a SDOF
formulation, and these will not be repeated
here. However, when the system under
consideration 1is known to behave in the

,nonlinear dynamic domain several modifications

have to be introduced into the parameter
definitions. The background for such models was
provided - in previous publications by Beck et,
al. [1], Kiger et, al, [10], Kiger and Painter
[11], Krauthammer (12, and 14}, Krauthammer and

- Parikh {13), and Windham and Curtis [25]. Wolf

{27] provided extensive discussions on the
incorporation of scil-structure interaction into
various analytical procedures including some
nonlinear aspects of ©behavior, and that
information can be used to guide the development
of the proposed approach. The parameters that
need to be considered for the analysis consist
of the applied load function, the structural
resistance in the flexural domain, the slab
shear resistance, damping, soil-structure
interaction effects, and the mass. These
parameters will be defined and formulated to
comply with the system behavior, as presented
previously here.

The SDOF approach as applied for pretest
predictions was described in {12], where the
resistance function for reinforced concrete
slabs, and a discussion of failure criteria were
presented. As mentioned in [12], one can find an
excellent discussion on the topic of load-
deflection relationships for reinforced concrete
slabs in the book by Park and Gamble [19], and
the current approach is a combined and modified
version of the methods in [12-14,17, and 19].

ngging EU!!CCLORS

One of the most important parameters that
affects the structural behavior is the loading
function. Such functions are provided as force-
» or pressure-time histories, and they are
applied to the model structure, There is =a
distinct difference between load functions that
could be associated with a nuclear environment
and thelr countarparts corresponding to a
conventional detonation. These differences can
be well defined based on available information
on the subject (2,9, and 20]. In general, a
simulated nuclear detonation will produce a
pressute pulse characterized by a steep rise, a




peak pressure P , and a long exponential decay.
A conventional detonation will produce a pulse
of a similar shape, but the duration |is
significantly shorter than that of the nuclear
load [3,4,5,23,and 24]). Another significant
difference between these loads 1is the issue of
spatial distribution. While a nuclear load can
be simulated by a uniformly distributed
pressure-time Thistcry the conventional
detonation produces a pressure pulse that is
rather localized and therefore it has to be
represented by a function of time and
geometrical space. This fundamental difference
between the two loading cases is known to affect
the structural response, and the proposed
"numerical gauge" should be sufficiently
sensitive in order to highlight these
differences.

Previous studies [1,2,9, and 12] have
demonstrated that one can employ a uniformly
distributed pressure-time history related to the
simulated nuclear environment for the analysis
of hardened facilities. 1In order to employ a
similar technique for the conventional
explosives domain one needs to introduce several
changes in the loading function. First, one can
employ any of the models proposed in the
literature, as mentioned above, for the
simulation of the load, however, the differences
between those methods will not be discussed
here. Regarding the load applications to the
"numerical gauge", the spatial distribution must
be incorporated into the time history since the
approach ic based on the SDOF procedure in which

only one geometrical space coordinate is
available, An averaging process must be
performed in order to obtain from the localized
pressure pulse an equivalent uniformly
distributed pressure-time history. This process
can be performed in several possible ways, and
here only two of these possibilities will be
presented.

The first approach is to consider a
vertical strip of unit width and of length L,
where L is the height of the loaded wall, as
shown in Figure 1. the strip is divided into N
equal segments each having an area A,. The
distance from the center of the detonation to
the center of each segment is computed as R,,
and one can compute the time of arrival, t,, of
the pressure pulse and the corresponding normal
peak pressure P, based on an acceptable model
for pressure vs. range, and the angle between
the radlus vector and the normal to the surface.
One can employ the existing models for
describing the pressure-time histories at the
center of each segment, and then for ecach time
step to perform the following operation:

N
f=1 AP, (t)
P(t) - —————— (1)

N
%A
{=1
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The result is a pressure-time history that
incorporates different times of arrival, and the
spatial pressure distribution, The approach can
be further modified by applying it to a general
rectangular area rather than a strip, and the
area could have dimensions from L by L, to L by
2L, ox according to the procedure proposed in
[11]. In this case, the averaging will be
performed in two dimensions, and Eq. (1) can be’
easily modified accordingly.

The other approach is based on the
assumption that the spherical detonation front
will create a circular pattern on the vertical
wall when the wall plane is normal to the
radius. For this case Eq. (1) can be modified
further so that the A, are the areas of N
concentric rings, and R, is the distance from
the center of detonation to the centerline of
each ring, as shown in Figure 1. In the present
study both the strip and circular averaging

‘methods were employed, and two of the pressure-

time histories for circular averaging are shown
in Figure 2.

[~ Explosive
% Charge

N
N.
/

(a) Strio Averaging

PRIV VAN

A

a— ) Explosive

R Charge

(b) Circular Averaging

Fig. 1 - Pressure Averaging techniques
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A typlcal rosistance curve for a fixed
reinforced concrote slab has four characteristic
points, as shown in Figure 3. First, these
points will be defined, and then various assump-
tions will be proseated concerning the behavior
betwoen these points. Point A corresponds to the
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initial wunloaded condition and =zero central
deflection. Peak resistance is represented by
point B and one may employ the formulations as
proposed by Park [17], and Park and Gamble [19]
to compute it. A simplified formulation that
also accounts for externally applied in-plane
compressive forces was proposed in the
literature [12, and 14] and can be employed for
computing the load carrying capacity at point B
of the proposed model. Here, that approach was
further modified, as follows. (The original
formulation was presented in English units, and
therefore, the results may be converted o SI
units if required.)

L
3= -1
o

R TA

L
0.858,f'  h% [ — (0.188 - 0.2818,)
L

+ (0.479 - 0.4908,) ) (2)

LY
+2 [ = F(d,, - d;,)
L

x
+ Fy(dly - dzy) ]

I.y h h
PR ) R, - )

x

in which w = uniformly distributed load on the
slab; L,, L, = short and long dimensions of a
rectangular slab, respectively; B, = parameters
depends on the concrete compressive strength and
varles linearly between 0.85 for f£’, < 4000 psi
to 0.65 for f' =z BO00 psi; f' = uniaxia.
compressive atrength of concrete; h = slab tntal
thickness; F,, F, = forces per unit length in
steel bars alony the x and y directlons,
respectively; dyieo <lly =~ glah effective depth
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along the x and y directions, respectively; 4,
dzy = distance from slab compressive face to the
compressive reinforcement along the x and ¥y
directions, respectively; and Nx and N, = thrust
per unit length in the % and y directions,
respectively,

A significant modification to the present
model is obtained by considering plasticity
effects for the ultimate resistance of uniformly
loaded rectangular slabs with all edges
restrained, as discussed in References [17, and
19]. 1If it is assumed that the slab has equal
top and bottom reinforcement ratios then it can
be shown that:

wL_2 L
= 321 -
24 L

x

L
' 2 y
0.85 £ B;h (—-L (0.188 - 0.141 B,)

x

c'y L, Ly
+ (0.679 - 0.245 g,) + — (—)* — (3.5 8, - 3)
16 h L
c'x L, Ly
+ (—?% [2 = (1.5 8, - 1) + (0.5 8, - )]
16 h L,
B, L, L, L
L e 2 e &)
6L, h L,
Ly
+2F, (d,, - dy)) + 2F, [(;—)(du - d, 0]+

X

Ly h h

LD N, () Ny (4 - )

L,




Also,
1 2 , h A
(— +—)[0.85 £,8, (— - =]
2t hE, LS 2 A
g mgt— - —
L £.8,L% 1 2
1+ 0.2125 (— + —)
s hE, LS
(%)
in which t is the outward d}splacement of the

slab boundary, ¢ , and ¢ , represent the
shortening of the slab in the x and y directions
respectively including elastic, creep, - and
shrinkage effects, and can be computed from the
expression, as provided in [19]. E, is the
elastic modulus for concrete, S is the amount of
lateral re.traint provided by the support and
backfill (E, and S are provided in units of
stress), A is the amount of central deflection
for the slab, and 8 is a fraction representing
the location of a yield line with respect to the
slab dimension L (i.e., a hinge at the center
provides B = 0.5, etc.), Eq. (5) can be
employed for the » and y directions by
introducing the corresponding values for the
various parameters. When the values of c'x and
¢, are derived from Eq. (4) they can be
introduced into Eq. (3) from which one obtains
the peak resistance, w_,. . The resistance
function is then computed as discussed in [12,
and 14], and briefly summarized later herein.

The difference in the structural response
between the simulated nuclear and the localized
loads has to be reflected in this mechanism.
All the slabs under consideration had a length
to width ratio of 4:1 which implies that the

max

LOAD

behavior under uniformly distributed loads tends
to approach that of one-way slabs [19}.
However, when the loads are localized the
behavior should be in the two-way slab range,.
The adjustement is performed through the ratio
L,/Lx which appears in Eqs. (2, and 3). For the
nuclear domain that ratio should assume the
actual length of width ratio for the particular

slab (4 in the present case), while in the
conventional domain 1t is quite smaller
reflecting the localized effects. Inforamtien

presented in [8] may suggest that the ratio
L,/L, can vary between 1 to 2, or as suggested
in [11] that ratio can be defined by the
anticipated pressure distribution over the slab.

Point C  in Figure 3 represents the
transition into the tensile membrane reglon. One
may compute the tensile membrane resistance by
employing formulations that were proposed by
Park and Gamble [19], or a more generalized
formulation [12] that may describe the slab
resistance just before, during, and after the
transition into the tensile region, as follows.

8(M, + TA)
- _ (5
LZ

in which w' = uniformly distributed load on
membrane (force per unit length); M = bending
moment in the slab central region; T =
reinforcement tensile force; A = central
deflection; and L ~ membrane span length.

The central deflection for points B and C can be
assummed as follows: for point B, 0.5h, and for
point C, 2h. The resistance curve segments
between these characteristic points are defined
next, as illustrated in Figure 3.

~ Experimental data

— — = Present model

CENTRAL DEFLECTION

Fig., 3 - Lond-deflection relationship
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: Four conditions are known for
segment AB of the curve that include the slope
(R,) vhexre K  is the initial stiffness of the
slab and can be approximatd as discussed in
[2,11,12, and 14), and value (0) at A, and the
slope (0) and value (w___) at B, A second order
polynomial which has the following form can be
used to satisfy these conditions:

4w 4w
Ve (- =) A+ (—— )8 (6)
hz
where w__  1s the value of w obtained from Egs.
(2, or 3).

Another possibility is to employ a third

order polynomial which satisfies the same
conditions, as discussed in [12]}.
Segment BC: The decay in structural

resistance beyond the peak at B was previously
formulated in the literature [17, and 19] and
such models may be employed for analysis. Here,
however, it is assumed that the behavior between
B and C is linear (which is reasonably close to
experimental observations, and which simplifies
the numerical procedures). Point C is defined by
the straight line CD, and a central deflection
at C which is assumed to be 2h.

line

which is

Segment CD: A
defined by Eq. (2).

Externally Applied Thrust

The peak structural resistance in the
compression membrane mode can be enhanced if
external in-plane compressive forces are applied
to the slab, as discussed in [12]. For the box-
type structures under consideration those forces
vary with time since they are generated by the
horizontal component of the pressure pulse that
propagates vertically through the soil. In the
procedure adopted here from [l4], the vertical
pressure pulse in the soil is traced at each
time step, the load on the vertical wall is

straight

computed, and then one computes the reactions in.

the roof and floor slabs that correspond to the
applied load. These reactions are the externally
applied compressive forces that enhance the peak
structural resistance, and are introduced into
Eqs. (2, or 3) as N, and Ny, respectively, in
the slabs. In the nuclear domain, the
horizontal stresses which are generated by the
propagating pressure pulse in the backfill can
be computed as a ratio of the vertical stress,
That ratio was estimated to be about 1.0 for
clay while about 0.5 for sand [9,25, and 26] and
from the same references one can obtaln values
for the selsmic wave velocity in the backfill
materfals that can be employed for the
determination of the loading condition on the
vertical walls, This procedure represents one
aspect of soil-structure Iinteraction and its
effect on structuraul behavior.

Under localized effects the contributlion of
the in-place forces is not as dlrect as in the
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nuclear domain since the pressure will reach the
center of the loaded slab earlier than the
perpendicular slabs. That time delay needs to
be reflected in the structural formulation as a
function of range and seismic velocity. Since
the attenuation of ©pressures 1is quite
significant that influence will be considerably
smaller than in the nuclear domain, and the
values of N, and N will be affected
considerably depending on the range from the
detonation.

Dynamic Shear Resistance

Shear resistance in slabs was discussed by
Park and Gamble {19], but the issues of direct
shear under dynamic effects were not considered.
The type of shear failures that was observed in
the simulated nuclear tests [9, and 22]
resembled interface shear transfer in flexural
members with wvery small shear span to depth
ratios. An excellent discussion of interface
shear transfer was provided by Park and Paulay
[18]), and it can be supplemented with additioral

information on shear strength in reinforced
concrete structures from more recent publi-
cations, as discussed in {14]. The present

model is based con the developments reported in
[14], and is briefly presented next.

The information that 1is available for
interface shear transfer in members having well
anchored main reinforcement without axial (in-
plane) forces, and a shear span to depth ratio
less than about 0.5 can be employed to form the
relationship between shear stress to shear slip
as 1illustrated in Figure 4, The +various
straight line segments in that model are defined
as follows.

Segment OA: the response is elastic, and the
slope, K,, of the curve is defined by the shear
resistance, 7, for a slip of 4 x 1073 in. (0.1
mm) . That resistance is given by the expression:
T, = 165 + 0.157 £, (7)

here both r_ and £', are in psi. The initial

response should be taken as elastic to not
greater than r /2.

Sepment AB; the slope of the curve decreases
continuously with increasing displacements until
a maximum strength, r , is reached at a slip of
12 x 1072 in. (0.3 mm). The maximum strength,
Tnr 1S given by the expression

Tw =8 £ +0.8p, £ 50.35f (8)

where r_, f', and £ are in psi, Py, 1is the
ratio of total roinforcement area to avrea of
plane which it crosses, and £, is the yield

strength of reinforcement crossing the piane.

Segment BC: the shear capacity remains constant
with increasing slips. C corresponds to a slip
of 24 x 10°% in, (0.6 mm), as noted in the
discussion for Segment AB,
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Fig. 4 - Dynamic shear resistance (after [141)

Segment CD; the slope of the curve is negative,
congstant, and independent of the amount of
reinforcement crossing the shear plane. The
alope (in units of psi/in.) is given by the
expression:

K, = 2,000 + 0.75 f', &)

Point D is located at a limiting shear strength
7.+ as defined later.

Segment DE: the capacity remains essentially
constant until failure occurs at a slip of

B ez For a well-anchored bar the slip for
failure is given by the expression
e* -1
B =C( 70 ) (in inches (10)
where
900

X™w ———— s Cw=2.,0;

2.86 J £:/4,

d, = bar diameter (in inches) (1)

and the limiting shear capacity, r,, is plven by
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(psi) (12)

where: A,, = area of bottom reinforcement; £, -
tensile strength of bottom reinforcement; and
A, = cross-sectional area.

This model which represents a shear stress-
shear slip relationship 1s based on data from
static tests, and without the effects of
compressive stresses on the concrete shenr
strength. As a result it was required to modify
the model, and to include such effects, as
discussed in [14]. Another change was
introduced into the original model for shear in
order to account for reversal loads, alse
presented in [14]. The shear stress-shear slip
relationship was defined as an envelope for
positive and negative displacements (since the
slabs had the same amount of reinforcement for
tension and compression, no modification of the
relationship was required for rebound
displacements), and the following simple
numerical scheme was introduced to allow for
displacement reversals. As the shear force loads
the slab support the stress-displacement
relationship follows the envelope in the corres-
ponding direction, and upon unloading it changes
to motion along the initial slope until a zero
strass 1is obtained, At  that point the
rolationship changes again to a straipght line




which will lead it to a point on the envelop
that is equivalent to the previous point on the
envelope, but represents displacements in the
opposite direction. If the slab continues to
displace in that direction one follows the shear
envelope until a reversal occurs which follows a
similar pattern as before. This pattern can be
followed until the system returns to rest, or
the shear displacement reaches A that
indicates a shear failure.

In this study it was assumed that the
mechanisms for direct shear resistance are the
same in both the nuclear and conventional
domains of response, while the only difference
will be introduced due to the definition of the
"acting slab". In the nulcear domain the entire
slab is effected, and the direct shear failure

appears at the slab-wall connection, Undex
localized 1loads the affected =zone will be
smaller than the total slab, as previously

discussed herein, and the failure will occur
along those boundaries.

ctive ta

In the description of the structural
behavior and the corresponding discussion it was
shown that the shear and flexural responses
seemed to be rather independent. In order to
validate this observation it was assumed that
the present analysis would be conducted on two
SDOF systems one for flexural- and the other for
shear-type behavior. One of the important SDOF
parameters is the system mass, and one can
employ the well known procedures of approximate
dynamic analysis for such purpose, as discussed
in {14]. This information was employed in the
present flexural analysis since the aspect ratio
for the roof slabs (i.e. length to width ratio)
was 4 in all the cases under simulated nuclear
effects, and according to present knowledge of
slab behavior these slabs should behave as one-
way systems [19]. There were two slab
thicknesses that were considered, the first type
was 5.6 inches (142 mm), and the second was 13.5
inches (343 mm). 1In the flexural analysis it
was assumed that the thinner slabs would exhibit
a more ductile behavior, hence the mass factor
0.33 was chosen, while the thicker slabs should
be more rigid and the mass factor 0.5 was
employed. Furthermore, since the soil is pushed
by the applied pressure to load the structure,
and since there was sufficient evidence [9 and
10] to support the assumption that only part of
the so0il mass participaed in the flexural
motions of the systems it is required to assign
a mass factor to the soil overburden. Also, it
is known from previous studies on dynamic soil
arching [10] that stiff structures attract
higher 1loads than flexible structures, and
therefore it was reasonable to assume that the
same mass factors employed for the determination
of slab effective mass can be used for the soil
mass (i.e. thin slabs: 0.33, and thick slabs:
0.5). For the shear analyses {t was known that
fallure occurred early and the entire roof slab
was pushed into the box, followed by the soll
overburden, This suggested to employ a mass
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factor of 1.0 for the slab and soil in the SDOF
for shear,

When the behavior of slabs under localized
effects is of interest one needs to re-evaluate
these mass factors based on an assumed
deformation pattern, similarly to the approach
proposed by Biggs [2], and Kiger and Painter
{11}:

K, = [[mg?(x,y)dAl/H, (13)
A

in which K, = mass factor, m = mass per unit
area of slab, ¢(x,y) = deformed shape of slab,
and M, = total slab mass.

For fixed edged slabs having a square shape
Ky varies between 0.31 in the elastic-plastic
range and 0.33 in the plastic range. If the
slab length to width ratio is 2 then K, varied
between 0.41 for the elastic-plastic range and
0.25 for the plastic range.

Regarding the mass factor for the soil under
conventional detonation effects one can employ
the mass of a cone having a base defined by the
effective slab and the height equals the range
from the center of slab to the charge, as shown
in Figure 5. The resulting mass factor is 0.33
indicating that only on third of the total soil
backfill, corresponding to the effective slab,
will participate in the motion. This behavior
is unlike the uniform assumptions for the slab
under nuclear effects.

SITE VB

TP viBt

Fip, 5 - Effective mass simulation




Ramping Ratio

Typlcal damping ratios, ¢, for reinforced
concrete structures are between 5% to 10%, and
such factors can be incorporated into SDOF
analyses, However, one should account for
radiation damping due to dynamic soil-structure
interaction, as discussed in [14], and it was
decided for the analysis of the structures under
simulated nuclear effects to use ¢ values
between 20% to 40%. In the present study a
value of 20% was used for the flexural analysis
(308 for the thick slab where more soil-
structure contact was anticipated), and 5% for
the shear analysis since radiation damping was
already included in the flexural analysis. This
combination of damping ratios was chosen since
it was compatible with existing information on
the behavior of these, and other similar
systems. Although one may expect somewhat
higher SSI damping under localized effects it is
not expected that such values would exceed 40%,
and therefore it was decided to study the

damping effects in future research.

\ INPUT

NUMERICAL PROCEDURE

The behavior and parameters as described in
the preceeding sections were combined to perform
the evaluation of shallow-buried reinforced
concrete structures similarly to the procedure
in {14], and the present computational scheme is
illustrated in Figure 6. The numerical
integration of the SDOF equations of motion was
performed by the Newmark B method, as discussed
in [12, and 14], for two SDOF systems.

The present approach consists of two SDOF
systems one for evaluating the flexural
response, considering the response of a section

. located at the center of the slab while the

second is employed for monitoring the shear
response at the supports as shown in Figure 7.
For each time step the motions of the slab
center are computed, as discussed in [14], from
which it is possible to derive a distribution of
inertia forces on the slab, and then combine
such forces with the applied load for obtaining
a shear force at the supports. That shear force

COMPUTE MASS AND
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FACTORS
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RESPONSE
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SHEAR
RESPONSE
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NO

SAVE DATA

END OF
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?
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I
halNK' 2
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!
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Y

\ ouTPUT

END

Flg. 6 - Numerical procedure
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is used to drive the second SDOF system which
provides the sliearing motions at the supports.
The slab responses at the center and at the
supports is compared to failure criteria which
include an ultimate tensile strain of
reinforcing bars, a critical shear slip 4, ,. at
the supports, and alse a central deflection
which may 1limit the serviceability of the
structure. In all cases the structural
dimensions and material properties were "as
tested", and the applied loads were based on
blast pressure measurements for the simulated
nuclear cases [9, and 22), or the conventional
detonations [8]. For the blast pressure it was
found in ({14] that the best results were
obtained when the peak pressure was a simple
average of all the peak pressures recorded by
the blast pressure gauges in a test, and the
time history was a segmental approximation of
one of the records, as described in (12, and
14). For the localized effects the load pulse
was based on the averaging process which
provided an equivalent uniformly distributed
pressure function, as previously discussed
herein, and the information provided in [8].

The present highly nonlinear problems were
approximated by two uncoupled simpler problems,
each represented by a separate SDOF system,
Under such conditions it was possible to employ
parameters that can be defined as equivalent
mass, damping, and structural resistance to be
driven by the corresponding load functfons ({i.e.
an equivalent blast pressure pulse for the
flexural analysis, and the resulting support
asnear force for the shear analysis).
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RESULTS

Seven cases under a simulated nuclear load
have been analyzed by the present approach [14],
and the results are presented in Table 1. The
first six cases have been analyzed previously
based on nominal design dimensions and material
properties, as discussed in [12], and the
results were, on average, within seven percent
from the experimental data. In {[1l4], the "as
tested” properties were used together with the
contributions of variable in-plane forces in the
slab, and shear stresses at the supports. The
improvements of the results, as reported in [14])
comparec those obtained earlier ({12] is
clear, as shown in Table 1, 2nd it {s even
possible to specify accurately the time at which
the shear failure occured.

-
wla

When the present approach for compu'.ing the
structural response under simulated nuclear
effects was employed for the analysis of the
structures under conventional detonation
effects the outcome was far from the observed
behavior, as reported in {[8]. The results
indicated that most structures exhibited shear
failures or large flexural deforamtions, unlike
the actual- structural behavior. When these
results were inspected it became obvious that
one needs to activate different behavioral
parameters in the analysis. Also, the pressures
were assumed to be uniformly distributed
similarly to a nuclear environment, and that
caused a significant overloading of the
structures. These changes were implemented in
stages for observing the effects of such
variations on the results. Soon it became clear
that indeed the proposed modifications gradually
improve the results. For example, in Table 2
are the results for the structures under the
conventional detonation loads when first the
only change was in the applied load using the
circular averaging procedure (noted by column *%*
in Table 2), as previously described here, and
then are the results when a modified resistance
function of Eq. (2), damping properties, and
thrust effects were combined with the modified
load (noted by column *** in Table 2). The new
results were significantly closer to the
observed behavior, as described 1in [8],
However, since mnot all permanent deflections
were reported in ([8], it was impossible to
compute the actual difference between the
present analytical results and the experimental
data for all cases. An important observation
relates to the time for shear failure which is
usually less than 0.lms for the conventional
cases, as compared to slightly over lms for the
nuclear cases. Another important observation
was made based on the analysis of the shear
failures (cases 3C5 and 3D8), and it is related
to the nature of these failures. The analyses
were performed several times with time steps
between 1.0ms to 0.00lms, and it was notlced
that for structure 3C5 the fallure occured in
the time between 0,05ms to 0.lms, while for
structure 3D8 the fallure always occured within
the {irst computational time step, Based on
these results one can conclude that structure



3C5 exhibited a dynamic direct shear failure
which 1s a form of structural response while
structure 3D8 failed as a result of a wave
propagation phenomenon. The difference in the
observed shear failure response was caused by
the closer detonation for case 3D8, as compared
to case 3C5 (i.e. a scaled range of 0.725 for
3D8, and 0.98 for 3C5).

DISCUSSION AND CONCLUSIONS,

Similar structures tend to exhibit
different behaviors depending on the nature of
loading conditions to which they are subjected.
These conditions can activate different soil-
structure interaction and structural resistance
mechanisms that will be responsible for the
observed behavioral differences. When the
analyst employs a multi-purpose numerical
approach, such as a powerful finite element or
finite difference code, the computations and
interpretation of results require large
resources before a meaningful conclusion is
reached. This is primarily due to the fact that
such codes are indeed multi-purpose, and as a
result they cannot be easily "tuned" to specific
behavioral ranges. The computation procedure
will tend to "activate" a number of possible
responses, and only after some time the dominant
modes of behavior will govern. Furthermore, the
difficult issue of direct shear usually will
require special features in a multi-purpose
code, otherwise the computation will not be able
to exhibit such effects.

The present approach is "an example of
removing many possible behavioral modes from the
analyses, and including only those that are
known, or that are expected to dominate the
structural response. Furthermore, the present
approach is such that different types of input
data will activate different components of the

program, and as a vresult one achieves an
efficient numerical treatment of various
structural analyses. The components to be

employed for each computation will be chosen in
an objective manner by the computer code
following the behavioral aspects of hardened
systems under nuclear, or conventional
detonation effects, as previously presented
herein. Hence, this is a simplified "tuned"
numerical procedure based on the analytical SDOF
approach, and the similarity between the present
approach and the operational principles for
choosing an experimental gauge, such as a SDOF
accelerometer, were the reasons behind the
definition of the term "numerical gauge". The
overall approach is vrather simple, one creates a
"gauge" that is tuned automatically by the code
to a specific expected range of behavior, and
then subjects the "gauge" to the anticipated (or
known) loading conditfons, The "gauge", as
{llustrated {n Flgure 8, provides data on the
structural behavior indicating, quite
azcurately, the magnitude of significant
behavioral modes. The analyst can employ such
information for "tuning” a multi-purpose
numerical codr from which he can obtaln detafled
information for the entlre structure on motlions,

190

stresses, cracking, etc. that the present
approach cannot provide. Also, the present
approach can be used for fast and inexpensive
assessments of structures during the design
stage in order to verify wvarious assumptions
regarding the effects of design parameters on
the anticipated response.

The information and examples presented
here illustrate how such a aumerical =approach
can be adopted and modilied for similar cases.
Naturally, the analyst may wish to add or remove
parts of the "numerical gauge®” for tuning the
method to a specific behavioral range. Also, it
would be possible to employ fundamental
structural analysis capabilities in order to
generate the required resistance functions from
the moment-curvature relationships that can be
computed for a given cross-section. Such efforts
are currently underway at the University of
Minnesota.

FLEXURE

T

I

Fig. 8 - Numerical gauge concept
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Discussion

Mr. Cooper (Defense Nuclear Agency): Your

system seems to shortcut and look at the
deficiency of a single degree-of~freedom system
in having to identify the faflure mode for your
analysis to work. If I understand you
correctly, you are saying as long as you have
modelled the either-or situation, your single
degree-of -freedom can pick up either the flexure
or shear type of failure.

Mr. Krauthsammer: Essentially, the system

consists of having the dominant failure
mechanisms incorporated in it, Once the load is
applied the system will lock into the dominant
failure mechanism between the various modes that
we provided. The results seem to indicate {t
indeed detects the one thet causes failure. It
provides information both on flexure, shear, and
in-plane effects. It reasonably predicts aoil-
structure i{nteraction and damping. So, 1
belleve, from the {informstion that can be
providec from this analysis, one could have a
very nice glaobal picture of structural behavior
without going into details.
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ACTIVE ONE-DINENSIONAL PROTECTIVE LAYERS

‘ SHLOMO_DINSSURG .
Kansas UNIVERSITY TRANSPORTATION CENTER
LAARENCE , I(ANSAS

RECOMMEDED «

THIS PAPER DESCRIBES NUMERICAL ANALYSES OF ONE-DIMENSIONAL CONF IGURATIONS
COUNSISTING OF HIGH EXPLOSIVE CHARGES EMELDED Il [WERT PRUTECTIVE LAYERS.
EMPHASIS 1S PUT ON THE FEASIBILITY OF EMPLOYING ACTIVE LAYERS, AS MEANS FOR
ACHIEVING PRUTECTION AGAIWST BLAST AND OTHER LOADS. THE BEHAVIOR OF ACTIVE
PROTECTION SCHEMES 1S DISCUSSED. SEVERAL PARAMETERS ARE STUDIED, In URDER
TO DETERMINE FEASIBLE AND EFFECTIVE ARRANGEMENTS OF LAYERS. THE ADVANTAGES
OF ACTIVE PROTECTION QVER A PASSIVE ONE IS POINTED OUT. FURTHER STUDIES ARE

INTRODUCT IO

10ST “CONVENTIONAL" PROTECTIVE SCHEMES ARE
BASCD ON PASSIVE LAYERS [1]; 1.€., THEY CONsIST
OF INERT LAYERS AHICH REDUCE THE EFFECTS OF
DONUR SYSTEMS TU Ali ACCEPTABLE LEVEL. THE MAIN
DISADVANTAGES UF SUCH PRUTECT1Od ARE: (1)
USUALLY, THEY ARE EFFECTIVE FOR PROTELTION
AGATWST A GIVE4 TYPE OF DONOR, AWD IT 1§
DIFFICULT OR IMPOSSIBLE TO ACCOUANT FOR UTHER
DUWORS, (2) THEY OFTENH FAIL UHDER MULTIPLE LOADS
FROM SEVERAL DONURS, (3) IT 1S RELATIVELY EASY
TJ UEVELUP HEW UIONURS wHICH REHUER THE PASSIVE
PRUTSCTION USELESS, AND (4) PASSIVE PRIOTECTIUN
15 VERY CUSTLY. THIS STUDY ucalS WITH A
DIFFERENT CONCEPT. THAT OF ACTIVYE PROTECTION.
THE BASIC IDEA [5 TO EMPLGY nioH E4PLusive (HE)
CHARGES EMBEDUEYD 11i COWVENTIO4AL LAYERS, FlG. |

(1T SHOULD BE NOTED THAT, THE SENSQRY SYSTEM 13
NOT DISCUSSED IN VHIS PAPLR)s AS SHALL BE SHOwH
LATER, ACTIVE PROTECTION CAi OVERCOME THE MAJOR
SHORTCOMINGS OF PASSIVE ONES.

I THIS STUDY, OHE=DIMENS IONAL LAYERS ARE
TREATED. ALL THZ CASES ARE BASED Od HUMERICAL
AdALYSES [2]. THE QUTCOME OF THIS RESEARCH CAN
BE CONSIDEREU A (PRELIMINARY) FEASISILITY STUDY
OF THE CUONHCEPT. CACH CASE DESCRIBEJ HERE
CUNSISTS OF SINGLE UR MULTI-LAYERED CUONF IGURA™
T1oil, SUBJECTeD T A TriAuGuLAx (P, 1))
PRESSURE PULSC wHICH REPRESEWTS Tul GFPECTS OF A
00u0K (MALALY BLAST).  COMPARISUNS JETWEEN THE
BEHAVIOR OF PASSIVE AuJ ACTIVE LAYERS TIAVING
(‘IIRTUALLY) THE SAME OTMEUSTQHS StrVE FOK
STUDYIHG THE CHARACTERISTICS OF sUTH PRUTECTlUn
SCHEMLS »
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STHGLE CHARGE.

THE FIRST CASE DISCUSSED HERE CONSISTS OF A
CONF IGURATIUN WITH A S1:GLE HE CHARGE PLACED IN
THE MIDDLE OF A SOLID- TME STRUCTURE 1S
SUBJECTED TO A SHORT HIGH-PRESSURE PULSE
(REPRESENTING A DETUNATIUN OF SEVERAL THUUSAND
pouibs OF THT). F1G. 2 SHOWS THE EARLY STAGES

OF THE PROCESS, WHERE THE APPLIED LOAD IHDUCES A :
SHOCK WAVE PRUPAGATING IN THE POSITIVE X~
DIRECTION (10 THE RIGHT), AND THE ACTIVATED
CHARGE RESULTS IN SHOCK FRONTS WHICH PROPAGATE
IN TWO DIRECTIONS. Fi1G. 3 snOoWs THE STRESS i
PROF ILE AT A LATER STAGE, WHEN INTERACTION :
3ETWECH THE SHOCK FRUONTS TAKES PLACE-

STRESS

i N A i A1 A N 1 a
0 5 10
COORDINATE
FIGURE 2: STRESS PROFILES AT EARLY STAGE:
F —
/ /“*\_%\_‘
o |
[7,) !
w |
alr ;
- :
w |
L
L
—_—— Y 1 l 'S A i A
0 5 10

COORDINATE

Fiages 30 STRESS PRUFILES AT TIME UF FL<5T »e0Cn i4TexACTION.
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THE STRESS HISTORY AT THE STRUCTURE'S RIGHT MULTIPLE CHARGES
i FACE 1S SHOWN IN F1G. 4. HERE, COMPARISON

BETWEEN ACTIVE AND PASSIVE CONFIGURATIONS 1S Using SEVERAL HE CHARGES, INSTEAD OF A
DISPLAYED: 1T IS OBVIOUS THAT THE ACTIVE SINGLE ONE 1S MOST BENEFICIAL, FOR THE FOLLOWING
PROTECTION REDUCES THE STRESS AT THE FACE UNDER REASONS: (1) IN ORDER TO- PROTECT AGAINST A GIVEN
CONSIDERATION BETTER THAN A PASSIVE ONE. DONOR, IT 1S (SOMETIMES) POSSIBLE TO ACTIVATE
ALTERNATIVELY, BY EMPLOYING ACTIVE LAYERS, LESS ONE OR MORE, BUT NOT ALL CHARGES, S0 THAT
MATERIAL 1S REQUIRED TC ACHIEVE THE SAME LEVEL REPEATED APPLIED LOADS CAN BE ACCOUNTED FOR, (2)
OF PROTECTION. IN A MULTIPLE-CHARGE SYSTEM ONE HAS A SELECTION
OF MODES WHICH CAN BE EMPLOYED, E-G-, THE MQST
WHEN THE PEAK PRESSURE OF THE APPLIED LOAD ADEQUATE CHARGE(S) FOR THE ACTUAL DONOR (WHICH
IS DOUBLED, THE ACTIVE PROTECTION STILL MIGHT DIFFER FROM THE DESIGN DOWOR), AND (3) By
DEMONSTRATES THE ABILITY TO REDUCE THE STRESSES ACTIVATING THE CHARGES 1l A CERTAIN ORDER
S8ETTER THAN A PASSIVE CONFIGURATION, Flg- 5. (LOCATION AND TIMING CAN BE CONTROLLED, TO A
BuT, IN THIS CASE, THE EFFICIENCY OF THE SINGLE CERTAIN DEGREE), A MORE FLEXIBLE PROTECTION IS
CHARGE 1S REDUCED- ACHIEVED, COVERING DIFFERENT DONORS MORE
EFFECTIVELY.
IN ORDER TO MAIWTAIN THE EFFICIENCY OF THE
ACTIVE PRUTECTION FOR LARGER DONOR SYSTEMS, IT FiGe 6 SHOWS THE EARLY STAGES OF A TWO-
1S NECESSARY TO INCREASE THE AMOUNT oF HE. [v CHARGE DETOMATION. THE CASE [LLUSTRATED HERE
HAS BEEN FOUND THAT, BY EMPLOYING A LARGER CORRESPONDS TO THE SAME DOWOR AND INERT MATERIAL
SINGLE~CHARGE CONF IGURATIUN, THE PROTECTION CAd AS THOSE OF THE FIRST CuUNFIuURATION (Fiss.
BE USED EFFECTIVELY FOR LARGER DONORS. OF ( 2,5,4, AND THE CORRESPONDING PLOTS OfF Fig. 5).
COURSE, THERE IS AN OPTIMAL CHARGE FOR ANY GIVEN [T HAS BEEN DETERAINED THAT, THIS ARRANGEMENT 1S
(DESTGN) DONOR, AND IT IS POSSIBLE TO ASSESS THE MORE EFFICIENT THAN THE PASSIVE SCHEME, FOR BOTH
BEHAVIOR OF THE PROTECTIVE STRUCTURE FOR DONORS THE FIRST DONOR TREATED, AS WELL A5 THE UNE WITH
WHICH ARE EITHER LARGER OR SMALLER THAN THE A DOUBLE PEAK PRESSURE-

DESIGN DONOR. A BETTER ALTERWATIVE YET IS A
MULTIPLE“CHARGE CONFIGURATION, DISCUSSED IN THE
HWEXT SECTIUN.

~Active

STRESS
o

FIGURE I: STRESS WISTORY AT RIGHT FACE.
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FIGURE 7: STRESS HISTORIES FOR TWO-CHARGE CONFIGURATIUNS=LUCATION OF SECUND CHARGE VARIED-

F16. 7 SHOWS THE RESULTS OF A PARAMETRIC
STUDY, WHERE THE LOCATION OF THE SECOND CHARGE,
PLACED FURTHER AWAY FROM THE DONOR IS VARIED.

[T 15 0BVIOUS THAT, THIS PARAMETER 1S
STGNIFICANT, AND COULD BE CHOSEN SO THAT A WIDER
RANGE OF DONORS CAN BE ANSWERED FOR- IT 1S ALSO
INTERESTING TO NOTE THAT, FOR THIS CASE,
COMBINING THE TWO CHARGES INTO A SINGLE ONE,
LOCATED AT THE CENTER OF THE INERT MATERIAL,
RESULTS IN AN EFFICIENT ARRANGEMENT FOR THE
GIVEN LOAD- DBuT, FOR A WIDER SPECTRUM OF
DONORS, THIS ALTERNATIVE 1S LESS EFFICIENT THAN
TWOCHARGE SCHEMES-

CONCLUS o

THE FEASISILITY STUDY PRESEWTED HERE SHOWS
THAT, THE CONCEPT U ACTIVE PRUTECTION OFFERS
MANY ADVANTAGES OVER PASSIVE CONF IGURATIOWS OF
LAYERS. THE ACTIVE PROTECTION 1S OFTEN MORE
EFFECTIVE THAN THE PASSIVE UNE, THUS, ALLUWING
SAVINGS IN SIZE, AND REDUCTION UF CusT. THE
ACTIVE PROTECTION 1S CAPABLE OF REDUCING THE
EFFECTS OF VARIUUS TYPES OF DONOR SYSTEMS,
IHCLUDIHG REPEATED LOADS.
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IN ORDER TO IMPLEMENT THE CONWCEPT OF ACTIVE
PROTECTION FOR REALISTIC ENGINEERING PROBLEMS,
IT IS NECESSARY TO EXTEND THE STUDIES DESCRIBED
HERE TO TWO~DIMENSIONAL AND THREE-DIMENSIONAL
GEOMETRIES. ALSO, IT IS IMPORTANT TO VERIFY THE
LATTER BY EXPERIMENTS.
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Discussion

Mr. Haworth (Rockwell International): What
criteria did you use to size the relative
magnitude of pressure pulses?. I noticed your
protective high explosive pulse was less than
the original pulse, What criteria did you use
to select that ratio?

Do you mean the amount of charge?

Mr. Ginsburg:

Mr. Haworth:
charge ratio?

Yes, How did you select your

Mr. Gingburg: I have to admit at first I took
one which I felt was right, and that was based
on some previous experience. The question of
the amount of charge and how to distribute the
charges within a configuration is important and
needs further study. I tested a configuration
with varying amounts of high explosives to see
if we can optimize, and there is certainly an
optimum for a given dollar.
charge within a given configuration; but, the
size of the layers, the types of materials, the
materials propertlies, if you have control over
them, and then the distribution of charges, is a
function of the weapon system, or a series of
weapons, because it is not enough to design for
one. You may want to include optional
capabilities for repeated loads or different
types. 1 have not covered that. There 1s a
tremendous amount of work that still needs to be
done,

Mr. Krauthammer (University of Minnesota): The
procedure you proposed secems interesting, but
there are some questions about the validity of
the approach. First, to get a meaningful
reduction in the peak pressures, a significant
amount of protective explosion must be placed
between the weapon system and the structure.
Since you will use a more-or-less similar amount
of explosive to get the meaningful reduction at
a closer distance from the structure, you may
create more damage from the protective explosion
than from the weapon itself, Then, just using
the concepts of conventional warfare, you are
not talking about one or two detonations hitting
the target, but you are talking sometimes about
hundreds of detonations hitting the target. I
do not see how you can control the number of
protective explosions because they might trigger
each other. Before you know it, you are left
again with a passive system that needs to stand
and provide protection.

Mr. Gingburg: You raised a few Important
questions. 1 do not pretend to have answers to
all of them because it needs further study.
First, trigpering sympathetic detonations is the
lenst worry., You can protect the system from
that {f you design it correctly. The second 1s
{nducing damage to the structure by the
protection. Of course, when you design, you
have to make sure that your criterfa for damage
to the atructure are not violated by your own
pyntem, This {8 apparent cven In these
prelimtnary wtudl{en where the orlginal loand with

There is an optimum(
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a double peak caused, in my case, spalling.
Whereas, the active protection did not. So
again, that is something that you can control.
Regarding multiple loadings - of course, if the
structure is passive and the weapon can destroy
it, then it destroys it., If with the active
protection, you can protect it better than the
passive, then you got something done. If you
have 100 hits on your target, then both will not
work unlegs you have some 100 or 200 charges.
So, this might be impractical; I do not know. I
am comparing the passive protection with the
active one, and there is always a chance another
weapon would destroy both. However, the
question is, "Can I use active protection to
protect against a weapon that destroys a passive
one?". The answer is definitely, "Yes, and with
much more flexibility." So, the comparison
should be between these two, and not with a case
where it will not work anyway. If it does not
work with passive, it will not work with active
in a case of 100 hits and so forth.

Mr. Flathau (JAYCOR): It seems to me, if I were
to ring this whole structure with explosives, I
am talking about many, many pounds of explosive,
and T am also talking about an expense; so there
has to be some trade-off, especially 1if you are
talking about multiple layers. Would I be
better off to put more mass into the structure
itself, or to do something to the structure? I
think this certainly would be true 1f we are
talking about the case that Professor
Krauthammer talked about, as you get one, two,
three, four, five - many, many explosives. So,
trying to look at what you are dolog is one
thing, and then looking at the total system
approach.

Mr., Ginsburg: Theoretically, if you want to
protect a structure by burying it a few miles
underneath the surface, it might work, I do not
know, You have to pay for it; you have to pay
for any protection. You can make it more
massive, and the easiest way Is to bury it
deep. There are two severe limitations.
even while you are working on the design,
someone is designing a weapon to defeat that.
So, once you bury it, forget about it; that’s
for better or for worse, you do not know,
History always shows that if you come up with a
good protection scheme, in no time somehody else
comes up with a weapon, so, there is no reason
to assume it will not happen again. The trade-
off is money. Sometimes you do not have the
space to provide massive protection. This might
save space. Second, even i hundreds or
thousands of pounds of high explosives are
needed, that is cheap., In fact, it will be much
cheaper than the sensory system which is needed
to detect the kind of weapon, the size of the
weapon, the beginning of its detonation, or the
forces, during the time Lt has to dectde how to
activate the protectfon system. Take another
example = nurface ships. You cannot bury

them., You cannot protect them with masses of
steel, concrete, sand, and so forth, This might
wotk. So, T won’t uay Lt will always work. Tu
Lo a questton of what type of structure you ave

One is

it




to protect. However, when you compare it one to
one with the pacsive protection, there is no
question that it has advantages.

Mr. Flathau: It also has many disadvantages,
One disadvantage is it needs more maintenance
than a passive protection system; this can be
expensive over the years. The amount of real
estate that is needed 1s another disadvantage.

Mr, Ginsburg: Llet’s look at the example. This
is the size of the initial protection - inert or
active. The amount of high explosive 1s small;
it 1s less than one hundredth of this. So, it
does not change in terms of real estate or
anything else, Still, it is more effective than
the inert configuration. So, the question of
real estate is irrelevant in this case. The
question about maintenance, certainly, that is a
big question and a good one. I do not know. If
we do not try a realistic implementation, we
will never know. So, this offers less material
and a more effective means for controliing a
wider spectrum of weapons. How much it will
cost, and how much maintenance it needs are
questions I caunot answer.

Mr. Krauthamrer (University of Minnesota): You
assumed the protective layer will always be
between the structure and the weapon. However,
you have no control over where the weapon system
will be delivered. You might have a problem if
the weapon system is delivered between the
protective layer and the structure. Then, you
will have the additional detonation of the
protective layer, and instead of having one
pulse hitting the structure, you will have

two. The other possibility is 1f the protective
layer detonates, and the weapon is on the so-
called "safe side", you will remove protective
material from the passive system. Then, you
will essentially reduce the passive resistance
of the system. So, you have a huge array of
parameters that have gignificant contributions
to the resistance of the system over a very
narrow range of variation. T do not believe
this simplistic approach, or the one-~dimensional
example you showed, really demonstrates the
effectiveness of the system.

Mr. Ginsburg: Certainly, this is a feasibility
study that you must do first to figure out if
you can do it at all. The weapon might be
activated. TIf it {s a migsile that penetrates a
certain amount and then explodes, this system is
much superior to any other because you can
destroy the mlasile when {t hits. 1If you have a
good sensory system that sanys, "Hey, I’ve becn
hit by this mess," and the computer says, "Oh,
this mean, Lt might be thls kind of missile.
lLet’s explodes layer 1." You can destroy or
fntercept a wenpon hefore {t penctrates that
mich to caunsn damage, and we cannot do this with
any other syatem. So, that la an advantage, 1If
we are talking nhout massive (nort protection
fncludting high explosive charges, then, you
really do not deatroy your protoectlon when you
activate one layer, In faet, (L ft ta n bhuried
structure, you hardly do anything to the core of
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the protection. So, I can see many realistic
situations where you can activate one, or two,
or ten layers, and still have & reserve of
active layers without any damage to the entire
protection, '




DEPENDENCE OF FREE-FIELD IMPULSE ON THE DECAY TIME OF ENERGY EFFLUX FOR A
JET FLOW

Kevin S, fansler
Ballistic Research Laboratory
Aberdeen Proving Ground, Maryland

et W W S - - e

uUntil now, the peak enerqy efflux at the jet exit was considered the
significant parameter in a scaling approach to estimate the peak over-
pressure, time-of-arrival, and positive phate duration from quns and
shock tubes, The resulting predictions for the peak overpressure and
time-of-arrival were satisfactory but the positive phase duration pre-
diction was poor. This predicted value of the positive phase duration is
used with the peak overpressure prediction to ohtain an estimate of an
important quantity: the impulse, Here we investigate the characteristic
exhaust decay time for the enerqy efflux at the jet exit as a possible
additional significant parameter that might be used to {improve pre-
dictions for the fimpulse, Numerical simulation was used to establish
that the impulse value depends upon this parameter., Comparison between
stmulation and experiment is satisfactory., This additional parameter was
used to correlate the avajlable impulse data. 1t was determined that the
additional parameter significantly improves the prediction capability of
the scaling method for predicting the impulse, An idealized wave form
together with the predicted peak overpressure can he used to obtain an
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estimate of the rositive phase duration, This approach yields less sat-
isfactory agreement with the duration data but this fact is relatively
unimportant since the impulse 1s the quantity of importance,

I. INTRODUCTION

GuNS ana  shock tubes under operation
generate large pressure waves that can be
harmful to nearby personnel and equipment.
Industry and the Army employ these devices
extensively and need to be acquainted with the
salient characteristics of these blast waves,
ror these devices, the magnitude of the energy
efflux from the tubn exit and its history de-
termine the characteristics of the bhlast wave
and the associated gqas-plume structure. Twa
principal characteristics of hlast waves are the
peak overpressure and the impulse, The impuylse
is the time integral of the pressure at a field
potnt of interest, The positive phase duration
{5 another often-used characteristic; it is the
time duration for the positive pulse of a blast
wave to pass over the field point, If we know
the peak pressure and the positive phase dura-
tion valye, the impulse for the wave can be es-
timated eastly hy assuming a simple expression
for the pressure as a function of time,

Scaling theory s wused extensively to
predict blast wave characteristics; this
approach yields simple but powerful methods,
The scaling theory for instantaneous-eneryy
blast waves [1] is well known and accepted,
Reynolds _[Z) used a ponint hlast scaling *heory
developed by Hoptinson {31 to treat qun-
generated blast waves, Later, Westine
[4] developed a scaling law from point hlast
theory but, in addition, 1introduced the length
of the varve® ay an impullonl parameier, Tag
modification permits s method to he applied
successfully over a variet: of weapons.

More recently, Smith  [5], Fansler and

Schmidt [6], and Schmidt and Duffy [7] have pre-
dicted the blast wave characteristices from
these devices by applying scaling theory to
hlasts generated by constant energy efflux
condittons, Smith [5] and Fansler and Schmidt
[6) selected the peak ererqy deposition rate as
the significant parameter, With a strsdy energy
deposition rate assumed in the dimensiognal
analysis, the nondimensionalized auantities of
peak pressure, time.of-arrival and 1mpulse
depend only upon the distance divided by the
scaling length, fFor a given polar angle as
measured from the axis, this scaling length for
the blast wave varies as the square root of the
peak energy deposition rate. However, tho blast
waves are highly directional, with their
strengths decreasing with increasing polar angle
from the forward axis direction., The form for
the variation of peak overpressure with angle
from the axis 1s obhtained from moving charqe
theory (5); it possrsses one free parameter that
determines how rapidly the overpressure falls
off with the increase of polar anqgle, The
assumed formylation for the peak overpressure
generates  two other free parameters, One
parameter is the value for the exponent power of
the distance from the gun muz2le; it determines
how fast the peak pressures fall off with
distance. The other paraneter is the value for
the constant coefficient of the scaling
expression, The available data are then used
with the given scaling relation to perform a
least squarws fit that establishes values for
the three free paramaters,  Saith [5] applied
the scaling approach to a particular weapon,
awever, Fansier ana >chmigt [b] assumed the
resulting scaling expressions were universally
applicahle when using the initial enerqgy-
deposition rate as  tne characteristic value.
The fdansler and Schmidt (&Y model successfully

e s s r e €7 f RISV



predicts the peak overpressure and times-of-
arrival for a variety of qun weapon systems. On
the otker hand, the method predicts that the
positive phase duration increases with distance
fn a completely different fashion than for the
well-studied instantaneous energy deposition
exuiosions, However, the original generating
method for the hlast wave should have less
relevance to the behavior of the blast wave as
it travels awady from its origin, Thys, for the
larger distances, the behavior of the positive
phase duration for the two cases should be quite
similar,

IC 1s the objective of this work to provide
an improved prediction scheme for the impulse by
modi fying the scaling approach of Fansler and
Schmidt {6). From the data already accumulated,
it appears that the energy-deposition rate decay
affects the impulse, However, the waveforms
obtained by experiment have Significant amounts
of noise generated by pnassible gage vibrations
and turbulence; perhaps, the amount of turbu-
lence can affect the impulse magnityde., The
turbulence maqgnitude may 1in turn depend upon
some other sigrificant parameter such as the
velocity of the orojectile, etc. Thus, it is
4ifficult to ceternine from the data whether the
positive phase duration depends predominzntly
upon the enerqy efflux decay rate. To study
this relationship, we wuse the Euler finite
difference code, ODAWNA, that calculates the
blast wave field along the borcline of a gun
(8). It uses shock fitting, takes into account
the decay rate of tne energy efflux quantity,
and executas much faster than a numerical axi-
symmeti1¢ Sscheme,

BACKGROUND A*N SCALTNG DEVELOPMENT

As imentioned before, Fansler and Schmidt
[6] assumed that the blast w:ve depended on the
energy efflux. The functional dependence of the
peak overpressure is expressed as

b= op(r a_,at/dt) . (1)

e

Here r 1s the distance from the cente, of the

explosion, . is the ambient density, a_ is the

w

anbient sound speed, and dE/dt is the charac-

teristic value for the rete of enerqy deposi-
tion, For a sperical hlast, we assume the ideal
equation of state; dinensional analysis yields a
scaling length:

£~ {dS/deY/ {p_ a,) (2)

and a nondimensionalized peak overpressure:
T =g
Y

P (r/i).
In this report the cverbarred auvantity 1is
defined as the quantity ron-diiensionalized

7
[
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the significant quantities for the scaling
analysis. The momentum of the propellant gas
results in the strength of the blast wave de-
creasing markedly with pola:r angle. Smith
(5] noted the similarity between nmoving-charge
blast waves and gun blast waves., From moving
charge theory, he obtained a scaling length, =,
for muzzle blast,

) . 3 1/2

£°/0 = 4 €039 + (1 - posin 2)

- (9)

Here, u is the momentum index and is a measure
of the directionality of the blast, It is a
free parameter that is found by a leas” squares
fit to experiment, With Equation (4), the
resultant form of the overpressure relatioaship
is assumed as,

Fo=k (r/e)", (5)

with thr values of K=2.4, n=-.1.1, and u=0,78
g'ving the best fit to the peak overpressure
deta. These data were collected from a variety
of guns f6]. The resulting expression, when
cast in the interior ballistic formulation and
when  some  simplifyina  assumptions are made,
resembles the form obtained by Westine [4].

A further consequence of the dimensional
analysis 1is that the positive phase duration
should have the following functional dependence:

-

=13 /" (6)

T (rri”

ft

Recause of the general appearance of the 30mm
data [A], we used a linear fit tn obtain the
predictive curve for 7 [6], Figure 1 shows
the fitted curve with the corresponding data,
There is cons-derable scatter of the data around
the fitted curve, The data also do not show any
tendency to qo toward the far-field asymptotic
relation; 1i.e,, the positive phase duration
increases asymptotically as tne square root of
the log of the distance divided by sore
constant, Figure 2 c<hows 2Ny data with the
parameters beinqg the anjular pesition and firing
conditions, The inmpulse could only be ohtained
dArrectly from the set of experiments that was
used to produce the results of Figure 2. Only
data from these experiments were used to obtain
the results of the present report. It is noted
that some data suhgrouns are clustered so that
there 1is not ruch over'ep bhHetween the Sub-
groups. These subgroups correspond to different
polar angles or different values of i”/i, [t is
dacirable to have substantial overlap of the
subgroups to improve the reliability of the data
and thuys the derived results., Tnis could have
heen accomplishec hy collecting data for ‘arger
distances, ‘owever, the facilities and instru-
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mentation did not allow data acquisition at
these larger distances,

The observations of linear behavior of the
data at the larger distances and the oniy fair
correspondence with the curve fit caused us to
search for an additional significant param-
eter. A possible significant parameter 1is the
characteristic emptying time of the propellant
from the gun barrel, As noted before, the peak
overpressure for a given distance and polar
angle increases slowly, but insignificantly for
most  practical purposes, with 1increasing
emptying time, However, the impulse may have a
stronger dependence on the emptying time of the
barrel.

A dimensional analysis performed with a
characteristic emptying time, a, as a
significant variabhle yields the n group,

g~ (s a,)/e” . (7}

This is not a qood working parameter since 1t is
difficult to establish how a is defined and how
to find its value easily. Corner [91 discusses
the barrel emptying time and its relatfonship
with easily observed parameters, To a first
approximation,

a ~ L/Vp . (8)

With the proportionality substituted into
fquation (7), the new working = group can bhe
defined as,

B = (a3 L)/(i°v ) . (9)

p

This new parameter can be interpreted as the
ratio of the emplying time of the tube to the
characteristic time for the development of the
blast waze, We shall call the new parameter the
nondimensional emptying time. Figure 3 shows
the normalized energy efflux versus the non-
dimensional time divided by the nondimensional
emptying time constant for a 30mm cannon, or
equivalently, the time nondimensionalized by

L/Vp. If the first part of the emptying process

is deemed more important than the latter parts,
we can assume an exponential function to fit the
first part of the data. This approximation to
the curve shows that the efflux data values are
high comparead with the fitted function for the
longer times. The approximation shows that the
exponential emptying time constant is a =

(L/Vp)/l.63. Thus, the exponential emptying
time constant divided by L/, s B1), which
agrees with intuition., MWith the nondirensional

emptying time now assumed as a significant
grouping, the functional forms for the impulse
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and positive phase duration are

P

T o= T(r/87,0), (10)
T= T(r/2°,8) . {11)

In the present paper, we have treated the
impulse as the primary parameter since it is
used directly to assess vulnerability of actual
or contemplated structures. Previously, an
assumed form for the positive phase duration was
correlated with available posit.ve phase dura-
tion data and the impulse w3as then obtained
using the most primitive form of the Friedlander
weveform 1], which is,

(P-Pau)/Py = P [1-(t-t,)/1] exn-[(t-t,)/t] . (12)

Here, t, is the time of arrival of the blast

wave front. However, the prior apprcach intro-
duces a source of 1inaccurac: in the predictive
method berause the assumption of a specific
waveform is an approximation.

As mentioned in the introduction, noise
from turbulence and other sources were super-
imposed wupon the waveforms, Such factors
introduced difficulty in ascertaining that the
emptying time was a major significarnt vari-
able. Moreover, the limited range of distances
over which the data were taken also makes it
difficult to assert what the significant vari-
ables are with confidence. To isolate the
effect of the emptying time from other possible
significant parameters, we use numerical simula-
tion, We chose the DAWMA code f8], which
computes the flow properties of the blast wave
along the gqun boreline, Although the method
calculates the flow properties along the
centerline, by the assumptions of the scaling
approach, the results are applicable to the gqun
hlast for arbhitrary polar angle, In the jet
plume portion, the property distribution of a
steady jet is assumed along the centerline and
the shock layer between the Mach disc and the
hlast wave front 1is computed with a finite
difference method. The discontinuities are
obtained using a shock fitting technique, The
method executes rapidly compared to an
axisymmetric code and the position of the
discontinyities are determined exactly whereas
shock capturing schemes portray disccntinugities
as more or less steep rises or falls in the
calculated gasdynamic quantities,

KESULTY aNib niS<aSSioN

The simulation oerformed was for the 30m
cannon firing the irnjectile at 572 m/s with a
neax pressure of 3620 kfa, These conditions are
for one of the firing conditions used in an
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earlier study [10]. To investigate the
relationship between the dimensionless emptying
time and the impulse, the value of 8 was varied
from 1.37 to infinity, or equivalently, the
barrel length was varied from 10 calibers to
infinity. For a 40 caliber length barrel, the
energy efflux history is shown in Figqure 3. As
discussed before, the time 1is proportional to
the barrel length. Figure 4 shows overpressure
versus time at different distances from the
muzzle for the above conditions., The value
of 8 is 5.47 or equivalently, the barrel length
is 40 calibers. The wave generally resembles
waves generated by instantaneous energy
explosions. Figure 5 shows calculated waveforms
with various barrel emptying times for a
dimensionless distance of 4.54 calibers from the
muzzle. The waveforms for larger emptying times
result in larger values for the positive phase
durations. Furthermore, the shape of the wave
does not maintain similarity as the emptying
time is increased. Thus, the similarity between

the waves generated by instantaneous energy
explosions and waves for finite' energy
explosions should become weaker as the
dimensionless emptying time increases. In fact,

for this position, the ponsitive phase duration
for the barrel of infinite length is longer than
for the times calculated. 1In effect, the jet
appears to be sustaining a positive pressure at
some field positions, as one might intuitively
expect.

The positive phase duration versuys the
distance from the muzzle for different values of
the dimensionless emptying time is shown in
Figure €. For finite values of the emptying
time, the positive phase duration at first in-
creases rapidly and then starts to level off.
This behavior occurs since at early times the
blast wave strength is large and the front of
the wave then travels at speeds appreciably
greater than the speed of sound while the part
of the wave where the overpressure is zero is
traveling near the speed of sound. As the wave
travels from the muzzle, the peak overpressure
decreases and the wave front speed approaches
the ambient sound speed.
limit, the positive phase duration involves a
logarithmic term, For constani enerqgy efflux,
the positive phase duration increases rapidly
with distance to very large values as was noted
from Figure 5.

Figure 7 gives the simulated impulse as a
function of the distance from the muzzle for
various values of the dimensionless emptying
time. The impulse appears to decrease rapidly
which we should expect since the overpressure is
decreasing more rapidly than the inverse power
of the distance and the positive phase duration
is increasing relatively slowly, Fiqure 8 shows
that the impulse increases slowly but signif-
fcantly with the barrel exhaust time. Figure 9
shows a comparison between the simulated values
of the impulse and some oxperimental values for
comparable values nf the dimensionless emptying
time, These data  werce  obtained  from  the
primitive waveform data for an earlier study

In the asymptotic-

2006

[10]. The  wutilization of this additional
parameter produces a marked improvement over the
original predictive model of Fansler and Schmidt
[63.  Although the comparable emptying times are
smaller for the simulation, they predict higher
values for the impulse. The simulated curves
also show a steeper decline of the impulse with
distance but this would be expected since
simulations predict a steeper decline in peak
overpressure than actually occurs. The reason
for the steeper decline is not known. Consider-
ing that the simulation is based on a model that
is a gross simplification of the muzzle blast
flow, the agreement is quite good.

The complete data set [10] was used in
seeking a correlating relationship with the
nondimensional emptying time is shown in Figure
10, The data cover a range over the non-
dimensional time from 3.23 to 32.3 which does
not completely encompass the ranges occupied by
gun weapons. Nevertheless, a correlation was
sought with extrapolation to these ranges that
would hopefully not result in large predictive
errors. Further available data can later be
added to yield an improved prediction. It was
decided to employ a simple form devoid of any
logarithmic expressions that the impulse might
be tending to asymptotically. We have no data
far performing a least squares fit in the far
field. The nondimersional impulse was assumed
to have a form such that when the data were
fitted and the free parameters determined,

6, .2

T=0.5 (r/27) "% ¢ . (13)

This form can easily be understood and used and
shows that the impulse varies as a weak power
law function of the barrel exhaust time and is
consistent with how the simulated values of the
impulse vary with the efflux decay time. A
Teast squares fit was also attempted with the
addition of the polar angle as an explicit
variable but very 1little improvement in the
correlation was obtained,

To display all the results on a plot, the
function I must be transformed to a function
depending on only one variable. Dividing T hy
the Tlast factor in Equation (13), one obtains
the reduced value of the impulse, Ir’ that is no

longer dependent on the nondimensional emptying
time. Figure 1i shows the reduced impulse data
tagether with the prediction. The scatter of
the reduced data is siqnificantly diminished by
utilizing the barrel exhaust time in the cor-
relation, 0Of course, some of the scatter can he
attributed to random variations. Nevertheless,
we have need of a larger data set with measure-
ments performed for longer distances from the
muzzle,

Now that we have developed a predictive
expression for the moro important quantity, the
impulse, we can return, *° the positive phase
duration and investigate whether an  adequate
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predictive expression can be easily obtained.
Of course, from Figure 5 we should expect that
the impulse would not vary linearly with the
positive phase duration. If we assume the
fFriedlander relationship as given 1in Equation
(12), a very simple relationship exists between
the noncimensional impulse and the non-
dimensionai positive phase duration,

T=77%/e. (18)

Utitizing the expression_for T in Equation (13)
and the expression for P as given in Equation
(5), we find

T - 0566 (r/en)"5 g0-2 (15)

As before with the impulse, the dimensionless
positive phase duration is transformed to a
function of the nondimensional distance. The

positive phase duration data are likewise

divided by 80'2. The comparison between the
predictive curve and the reduced data is shown
in Fiqure 12. The data trend and the predictive
curve have different slopes. [t appears that 3
more complex wave shape would need to be assumed
to adequately predict the positive phase dur-
ation. However, this would seem to be wasted
effort since with data being digitized and pro-
cessed with computers, the impulse can easily be
determined for a wave,

Although the data used here were obtained
from qun weapons, the results should be ap-
plicable to any device that produces a jet flow
with decaying enerqy efflux. Schmidt and
Duffy? obtained pressure data in the field ex-
ternal to the exit of the shock tube. They did
not obtain the impulse hut they did measure the
positive phase Juration. They four ! that for r
held constant:

T~ exp(N.25 cosv) {16)
Usirg Equation [16) and fquatior (9),
T ()03 (17)

A Comparison Ot the LwH expressions 1S snown 1n
Figure 13. The agreement is satisfactory as it
should be since the shock tuhe essentially
generates its bhlast wave in the same menner as
for a qun weapon,
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SUMMARY AND CONCLUSINNS

An older predictive scheme for blast waves
generated from gqun weapons that is based on 2
scaling approach has not produced entirely
satistactory results. Ffor example, this older
model, which utilizes the peak enerqy deposition
rate as the significant parameter, predicts that
the positive phase duracion fincreases linearly
with the distance from the jet exit, However,
for the well-studied explosions that are gener-
ated by instantaneous energy deposition, this
sort of behavior does not exist, for these
explosions, the positive phase duration at first
increases steeply with the distance but the rate
of increase with distance falls off rapicly as
the wave travels away from its origin, It would
seem that much the same bhehavior should exist
for blast waves generated by jet flows that exit
from gun tubes or shock tubes. The analystis of
the data upon which the model was developed
reveals that suhgroups of the data occupy only a
1imited domain and do not overlap extensively,
The data could also depend on another
significant parameter that could produce the
puzzling linear relationship hetween the
positive phase duration and the scaled distance
from the jet exit. A possible significant
parameter could be barrel exhaust time for the
energy efflux passing the exit plane, To test
this posstbiitty, we employed 4 numerical
simulation scheme that calculates the fluid-
dynamic quantities along the boreline. Althcugh
the simuylation scheme is limited to only one
direction, this is not a mojor impediment since
the current scaling approach allows application
of the results to all polar angles. The
numerical scheme also executes very quickly and
allows for isolation from turbulence and other
phenomena occurring in the actual gun blast
f1ow,

The simylation results show that the
impulse increases with the decay time of the
enerqy efflux. Moreaver, comparisons of
experiment data with simulation results show a
similar dependence of the impulse upon the decay
time of the enerqy efflux. Thus, it s ftelt
that the barrel! exhaust time is a significant
parameter for improving the correlation of the
impulse data. We correlated the data utilizing
the new variable and obtained a power law depen-
dence of tne impulse upcn the nondimensional
enerqy efflux exhaust time. The predicted
impuise increases at a slower rate for the
larger distances, as it should, We can obtain
corresponding positive phase duration values by
using the ~nst primitive Friedlander relation
together with the predicted peak overpressures
to construct idealized waveforms, This approach
generates a simple expression for the positive
phase duration. Comparison with the phase dur-
atron data yrelas ditrerent siopes and only fatr
agreement, It is concluded tnat the positive
phase daration prediction <hould only be used
when there are no impulse data to compare
with, A case in point is tne shocCk tuie resuils
obtained by Schmidt and Duffy [77, that had only
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the positive phase duration data readily avail-
able. The results of the present prediction
agre2 reasonadbly well with the shock tube
results even though we have used the simple
Friedlander relationship.

in conclusion, the impulse given to nearby
structures by guns or shock tubes can now be
more accurately predicted in a range of dis-
tances where possible 1injury can result to
personnel and equipment, This relationship is
not applicable to very large distances from the
gun or shock tube. Data have not yet been col-
lected for correlation to these distances and
the present function does not contain a loga-
rithmic expression that i{s essential for the
asymptotic form,
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Values for the Impulse
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COMPUTER IMPLEMENTATION OF A MUZZLE BLAST PREDICTION TECHNIQUE

C. W, Heaps, K, S. fansler, E. M, Schmidt
Ballistic Research Laboratory
Aberdeen Proving Ground, Maryland

shown to compare reasonably well with experiment,

A computer code is developed that generates contour maps of peak incident
overpressure, peak reflected overpressure, blast wave time of arrival,
and blast wave positive phase duration. The code is based upon a free
field muzzie blast scaling technique that 1s extended to treat hlast wave
reflection from surfaces, The predictions of the compouter program are
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- -
; n unit vector normal to contour plane 4 Wave angle OF reflecten snock -
! 7 vector directed from the boreline v specific heit ratin !
. to the field point of interest 7
» that 1s normal to the shockwave C
, surface &
:: |!
-' Q‘
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NOMENCLATURE (continued)

él flow deflection angle through
incident shock

62 flow deflection angle through
reflected shock

6max maximum stream deflection consistent
with regular shock reflection

n angle between F and B

0 polar angle from boreline to field
point

u momentum index

4 vector along horeline designating
apparent origin of blast wave

" cubic polynomial used in the
approximation of the reflected
pressure coefficient curve

1 blast wave positive phase duration

P angle between boreline and contour
plane

¥ ratio of heat losses to kinetic
energy

n roughness factor

IRTRONYCTION

High levels of myzzle blast overpressure
can have adverse effects on weapon crew members,
nearby structures, and instrumentation. Control
of these effects requires the ability to predict
the details of tie blast pulse as a function of
weapon design and emplacement, propellant and
projectile characteristics, and launch condi-
tions. Additionally, techniques to reduce or
contrul the blast through changes in these prop-
erties are of practical importance, Fansler and
Schmidt [1] developed scaling relations that
permit estimation of peak incident overpressure,
blast wave time of arrival, and positive phase
duration. Comparicon of these estimates with
experiment demonstrates that the scaling ap-
proach provides a rcasonable initial estimate of
muzzle blast characteristice, Since the rela-
tions are sensitive tn weapon lzunch conditions
and propellant charge design, they may be used
to study the influence of these properties .an
myzezle blast.

The present work has two main obrectives,
The first is to extend the scaling approach tn
treat the problem of pressure loadings on Sur-
faces adjacent to the weapon, The second is to
use the scaling relations in the development of
a computer code called BLAST that plots contour
maps of the muzzle blast quantities., We helieve
that the results obtained from the scaling rela-
tions are most easily interpreted when presented

iv this form,

The remainder of this report may be out-
1ined 4s follows, First we present the scaling
relations used to calculate the incident over-
pressure, blast wave time of arrival, and posi-
tive phase duration at points on a surface that
can have any desired orientation with respect to
the cannon boreline. From the calculations of
tncident overpressure ana time of arrival, the
reflected hlast overpressure on the surface of
interest 1{s determined. For all of the blast
properties, an algorithm is established to
generate contour plots, Representative plots
ohtained from BLAST are selected for comparison
with experimental results.

FREE FIELD MUZZLE BLAST CALCULATIONS

The tree field blast computations are per-
formed wuysing scaling relations developed by
Fansler and Schmidt. Their scaling approach has
been described in detail (1]; hence, only the
final results of the work are presented here.
The quantities of interest in the free field
tlast problem are_the peak incident overpressure
in atmospheres, P , the blast wave time of
arrival, ta’ and the positive phase

duration,t . The expressions derived for these
quantities are summarized by

P = 2.42 (1a)
ot - :_m (0.94 cost + 9.28) (1b)
t= (/e ) (1« 0013 (1/2")] {ic)
where
1/2
£ = x [ucosy + (1 - u75inzﬁ) ] (1d)
7 = (r/i')’l‘l , and (1e)

F(Z) = 1+ 107 - (Z21.2) + (2772.3) -

(2%73.4) « (°7a.8) - (5 5.6). (1)
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For subsonic exit flow ( Vp <o, )

-3
(8.62 x 1073) P 2

te o ——rrr s O et
v 3v-13y1/2

4 .4l e )]Trz (2)
m

For supersonic exit flow (Vp > am),

£=(9.73 x 10°2) p e

To use these relations, it is necessary to
know the weapon characteristics and propellaat
9as properties at c<hot ejection, When the
latter are not known trom experiment, they may
be determined using interior  ballistics
theory. The wuser of BLAST hes the option of
employing the following simplistic interior
hallistics model to obtain the gas properties at
shot eiection,

Lagrangian interior ballistics as qiven hy
forner [2] is utilized, The internal energy of
the propellant gases immediately prior to pro-
jectile ejection is given by

BCRT

_‘_.1E - 172 (v ©/3) (14 4) Vp?

(4)

is the fraction of propellant burnt, C
Mass, my is the effective

vwhere 8
is the propellant
projectile mass accounting for bore friction,
and x i1s the ratio of heat losses to kinetic
energy., The following semi-empirical formyla-
tion for ,ic used

(nsnoy w2 (1 2300)

X = g (5)

A, VPZ (mg + /3y T

where i 15 the roughness factor and
. 1/7 ? - 7h .

F= 1,7+ 670077 (st =7 In this report

the rouahness factor i< taken as 1,34, an

average of large and small qun values. If we
assume an ideal aas the mizzle pressure is given

by

b=z E (6)

where 1) is the combined volume of the bore and
chamber. lhe following expression is obtained
for the exit sound speed of the propellant gqases

i e
a, (yRTm)

(-1 €00+ ¢/ am ) 11/ (7)

Results obtained from this simple theory were
compared with those of a more exact computer
mocel [2] and shown to produce similar re-
sults. Once the weapon characteristics and
launch conditions are determined, the scaling
relations given in Equation (1) are used to

compute P, ty and 1 as functionc of r and O.

The contour plotting algorithm requires the
evaluation of thase functions at regqularly
spaced points {gridpoints) in the plotting
domain. The values of r and & must therefore be
determined for each gridpoint. The geometry of
the problem is shown in Fiqure 1. The origir of
the polar conrdinate system in which contours
are plotted is the perpandicular projection of
the my22le uf the qun intn tha plane of {inter-
est. The distance frum the origin to the muzzle
is h, and $ is the angle between the plane and
the horeline of the gun. The contour algorithm
requires a recranqular qrid in the contour
plane. For th s reason, the gridpoints are
located in a cartesian coordinate System
originating at the myzzle of the qun, The x-y
plane of this -oordinate system 1{s taken
parallel to the ccntour plane; thus, any point
in the contour plane is defined by (x,y,-h).
The distance from the wmuzzle to a point in the
plane is given by the magnitude of r :

e ) (8)

Let U he a unit /ectgr pargllel to the boreline,
The angle = hatween u and r 1S given by

The wvatues of ¢ and ' may he wused to
ohtain P, t,, and : from the scaling relations
at each paint an the contour plane,
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Fig. 1. Geometry of the Problem of Determining r and ¢ at a Point in a Plane with Arbitrary
Orientation with Respect to the Boreline
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REFLECTED SHNCK WAVE CALCULATIONS

The reflection of shock waves from surfaces
can be quite complex. Cdney [4] has identified
a number of possible flow structures depending
upon the strength of the incident wave and the
angle of reflection. In the present context,
the process is considerably simplified. Only
two types of reflection are considered: regular
and single Mach stem [5].

For points very close to the reflecting
surface (the contour plane), the blast may be
considered planar. The shock wave angle of
incidence, ay, is simply the angle between the

direction of propagation of the blast and thé

surface normal, N, to the contour plane (Figure
2). One method of obtaining the direction of
propagation of the blast wave is to evaluate the
gradient of t, since the shape of the wave is

equivalent to the surface defined by constant
tae This gradient is normzl to the blast wave

surface; therefore, it points in the direction
of propagation, The difficulty with this
approach is that the computer time required to
evaluate the gradient of t, at each grid point

is excessive. 1In the Appendix, we describe an
alternate method for calculating the shock wave
angle of incidence. This alternate method may
be shown to be mathematically equivalent to the
gradient approach, but it is more efficient com-
putationally. In BLAST we use the approach
described in the Appendix.

Once the shock wave angle of incidence, aqs

is obtained, we determine whether regular
reflection or Mach reflection of the shock wave
occurs. The first step in this procedure is to
shift from a fixed reference frame to one moving
along the reflecting surface at the same veloc-
ity as the shock waves. In this reference frame
the shock wave is stationary and has a stream-
line flowing through it parallel to the reflec-
ting surface (Figure 3). The relations for com-
pressible flow through an oblique shock wave
[6] are applicable to this system.

The Mach number of the streamline in the
region in front of the incident shock is given
by

P1-Pe
M= L (5=2) + 11/sin? o312 (10)

o

where P and p_ are the pressures behind and in

front of the incident shock, respectively,
Across the incident shock, the flow is deflected
through an anqgle, 61, given by
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2.:.2

M1 sip “1'1

-1]2(cot a

)
§) = tan 1 MIZ(Y+COS 2a)) + 2 (11)

and the Mach number behind the incident shock is
obtained from

Py 172
{y-1) o + (v-1)
M2 = By /S'in(a1 - 51) (12)
2Y'E~

The question of whether regular reflection
is possible may now be addressed. The maximum
stream deflection for a specified upstream Mach
number is given approximately by

2 372

$ =
M3 (1) M

(13)

If 51 2-5max , regular reflection is not pos-

sible and Mach reflection occurs, If 61 < 5max’
regular reflection occurs and the analytic solu-
tion for the reflected overpressure may proceed.

If reqular reflection is possible, the flow
is deflected through the reflected shock. This
deflection angle, 6?, must be equal

to &, because the boundary condition requires

the flow to be parallel to the reflecting
surface. Equation (11) applied to the flow
across the refiected shock, with 8 = 62, yields

. 2
M2 sin u2-1

2 (cot a >
2

2) - tan 62 = 0 (14)

M, (¥ + cos 2a

2)

where a, is the wave angle of the refiected
(14) s
ay is known, the following

shock. Equation solved for e, by

iteration. Once

equation 1is used to determine the pressure
behind the reflected shock, PR
R 2 Mm% sin 2 a 1) + 1 (15)
Py Y T V2 2 ’

Finally, the reflected overpressure in atmo-

spheres is given by




pR-Dn h

Py
R plp—w-x . (16)

A computational problem arises in the
preceding development as | approaches zero,

The expression for H1 given in Equation (19)
becomes arbitrarily large due to the sin ay term

in the denominator, To avoid this difficulty we
do not use the relations presented above for
angles of incidence less than one degree. For
angles of incidence less than this value, the
solution for plane shknck wave reflection normal
to the surface is acequate, In this spacial
case the ratio of reflected overpressure to
incident overpressure is given hy

DR (3f'l) DI = (’-"1)

B~ TEITS, 7 TwI) .
If reqular reflection does not

occur (51 > cmax) it is impossible to obhtain an

analytic solution for the reflected overpressure
using the theory of simple oblique waves, In
this case the reflected overpressure is ex-
tracted from empirical results, A typical data
plot of reflected overpressure versus shock wave
angle of 1incidonce for various incident over-
pressures (7] is presented in Fiqure 4. Similar
data from a variety of sources were examined and
two general features noted. First, beyond a
certain angle of incidence whose value depends
on the incident overpressure, the reflectad
overpressure curves may be approximated by
stratght lines. To determine the equations of
these lines a point and slope are needed.

At a, = 907, the blast wave 1is at grazing

1
incidenZe to the surface and the ratio of
reflected to incident overpressure equals one,
independent of ths incident overpressure. Thus,
the right end point of all the straignt lines is
defined, The slopes of the line; are taken to
be a function of the incident overpressure and
are obtained for 11 values of this naragmeter,
Lagrangian interpolation is then used to obtain
a slope for any intermediate value of incident
overpressure, The interpolation procedure is
also used to determine the angle of incidence
beyond which the linear approximation is valid,

The second feature apparent in the eapir-
ical plots pertains tc *the region aear the
maxima of the retlecleq Overpressure curves,
For values of 1 between the reqular reflection

and the linear interpolation regimes, the carves
have a shape that can he approximited by cuMic
polynonials in g - The four boundary values
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needed to evaluate the polvnomial are provided
from the solutions at points A and 8 of Figure
5. The reflected overprassure at point A,

" (aA) , Vs determined from the analytic

solution for reqular reflection. Tne slope at
A, n° (aA) , car be approximated by taking a

finite difference., At point 8, =~ (aB) and
n’ (JB) are obtained from the Lagrangian

iuterpolation procedure described above. The
four-term polynomial at A is

="+T:(lr1'\12+!'\'1

3
Plagd =gt AT Tt Y TN (18)

The derivative of this polynomial is

r’(|A) =t ZrzuA + 3n3ai (19)

with two corresponding equations at point R,
These four equations are solved for the four
unknown coefficients Ths My o and Ty .

The joining of the regular reflection
solytion, the cubic fit, and the linear fit
produces a continuous variation of reflected
overpressure coefficient VErsus angle of
incidence for any specified 1incident over-
pressure, Results of this procedure are plotted
in Figure 6, While this method of determining
the reflected overpressure i . relatively simple,
it substantially reproduces the empirical plots
as is demonstrated by comparison with exper-
imental data (Fiqure 7).

THE COHTOUR PLOTTING METHOD

The results of the analysis have been
formulated as a computer code, BLAST, wihich is
pregramed in FORTRAN 77 and is designed for
interactive use on graphics terminals,

The method wused to plot the contours is
relatively standard and originated from an ALGOL
computer code 81, A aqrid is conctructed
covering the region of space that is of inter-
est, Tnis grid is composed aof many small rec-
tangular cells, At each carner of every cell (a
grigpoaint), the value of the function to he
plorted myst be xnown, Fach contour value is
processed individually, i.,e., 311 contours at a
particiiar level are plotted before moving to
tha next level, The search for c¢onntours at a
particular level beging by Tlocating all the
contours tnat intersect the outside boundary of
the grid (oapen contours). The searcn along the
hoandary  oroqresses  cnunterclockwise from the
hottor left corner of the arid until two adja-
cent gridpairts are found that hound the contour
level, To avnid repeatedly finding gna plotting
the ¢3ae (9710u"s, an additional requi-ement is
imposed:  tre larcer functioral values ~ust be
ts tre right of the intersectinon point of the
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contour and the grid boundary for the point to
be recognized as the beginning of a contour.
fince the beginning of a contour is found, it is
followed cell by cell through the grid by com-
parison of adjacent grid points. The precise
path of the contour across any cell boundary is
determined by linear interpolation. The co-
ordinates of this interpolated point are passed
to a plotting subroutine which uses a commercial
graphics package, DISSPLA, to draw each line
segment on the plotting device. Because the
grid squares are very small, there is no percep-
tion of the c¢ontour lines being composed of
straight segments.

After all the open contours at a particular
level are 1located and plotted, the grid is
searched for closed contours at that level. The
closed contours, once found, are followed
through the grid and plotted in the same manner
as the open contours. When plotting of the

closed contours is complete, the process is

repeated for the next contour level.

RESULTS

In Figure 8, we present contour maps,
generated by BLAST, of peak incident over-
pressure, peak reflected overpressure, hlast
wave time of arrival, and positive phase dura-
tion. Maps of incident overpressure, time of
arrival, and positive phase duration are
generated within thirty seconds on a VAX
11/780. Plots of reflected overpressure require
additional computations and are produced in
approximately five minutes. The predictions
shown are for the 30 mmn, XM230 Chain Gun. The
weapon is positioned parallel to the contour
plane with the muzzle 0N.26 meter distant from
the origin of the contour grid. The strong
directional dependence of the muzzle blast field
is readily apparent in the plots of incident and
reflected overpressure., The contours of time of
arrival represent the hlast wave surface as it
propagates outward from the muzzle. This sur-
face rapidly becomes spherical with a center
displaced in the forward direction. The posi-
tive phase duration map shows the rate of in-
crease of the blast wavelength to be larger in
the forward direction than to the rear of the
muzzle.

To check the validity of our model, we
compare BLAST predictions with experimental
blast measurements obtained in a previous test
program [%7 of the 30 mm Chain Gun. For these
tests, oressure transducers were mounted in a
Vinear array on an aluminum plate, The plate
was then oligned at anqles of zero and minus
five degrees relative to the line of fire, with
separations of 0,26 meter and 0,23 meter respec-
tively. For the zero degree orientation, data
were collected with the transducer array aligned
both parailel and normal to the line of fire,
For the minus five degree orientation, only the
parallel array alignment was used, In Figures
9, 10, and 11 we compare the experimental
measirements of reflected overpressure, time of
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aririval, and positive phase duration for each of
the three. transducer orientations, In these
plots the abscissa, S, denotes distance on the
plate surface measured from the point on the
plate nearest the muzzle. MNegative values of §
indicate positions behind the muzzle,

Figure 9 shows that the peak reflected
overpressure measurements agree very favorably
with BLAST predictions, particularly along the
line of fire. The small plateau which is ap-
parent in each of the predicted curves denotes
the transition from reqular reflection to Mach
reflection of the incident wave, For this blast
field, che effect appears too small to he de-
fined experimentally. From the plots of time of
arrival in Figure 10, we see that the location
of minimum t, predicted by BLAST is shifted

forward from the location measured experimental-
ly; however, the shape of the experimental t,

distribution is predicted quite well, It is
obvious from Figure 11 that there is a definite
deficiency in the positive phase duration
scaling relation. We note that the expression
for t was determined by fitting scaled experi-
mental data and that the scatter in this data
justified only a simple linear curve fit,
Clearly, a more complete analysis is desirable.

CONCLUSIONS

The muzzle blast pressure distribution on a
surface located in the vicinity of a cannon has
been calculated. The computational procedure
accounts for shock reflection processes and is
based upon previonusly developed scaling rela-
tions describing muzzle blast. The approach is
formalized in a computer program, BLAST, that
calculates and plots contour maps of peak inci-
dent overpressure, peak reflected overpressure,
blast wave time of arrival, and positive phase
duration. The contours are plotted in a plane
having an arbitrary orientation with respect to
the qun tube. The overpressure and time of
arrival predictions compare favorably with
experimental measurements. The positive phase
duration is over-predicted by BLAST due to
problems in the scaling expression used. BLAST
is completely interactive and requires only
minutes of computer (VAX 11/780) time to run.
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APPENDIX

Analysis for Obtatning the Shock Wave Angle of
Incidence

We wish to obtain the angle bei.ween the
incident shock and the contour plane. In Figure
A-1, A s the point of interest in the contour
plane, r is the vector directed from the muz2le
to A, 9 is the angle bhetween the boreline
and r, $ is the angle between the boreline and
the contour plane, and h is the distance from
the muz2zle to the contour plane along a line
normal to the plane.

We define 5 as the vector which is directed
from the boreline to A and is normal to the
shockwave surface. We then have

O+
n
54
[
N

(a-1)

where % is a vector along the boreline as shown

in Fiqure A-1, The angle hetween’F and p is
designated as ~ , The components of p are found
to he

px = XA (A-Z)
'.)y 3 ys - 5C08y (A-3)
P, = 2a - ising . (A-4)

The magnituyde of Y, ., is found from the law of
sir2s:

sinfl89- - v - 1) _ sin -

T (A BT {A-h)
tan -

where A 15 the unit normal to the contour
plane. To use fquation (A-7) we must first
obtain £ . If n is known, Equation (A-6) may be
employed to find £ , The discusston below
describes hcw n may be found. :

Referring again to Figure A-1 we see that

Ll

tan n = -

0, (A-8)
a

where (dr/d¢), denotes the derivative of r with

"
respect to 2 along a contour of time of arrival,
t, To obtain (dr,/dE)t the following identity

15 used: a
d at it
(;,-5)t = - (g ) («;;-)O . (A-9)
a

Recall that

o
ty =5 (X f(2) ¢ C

a + G cos9) (A-10)

1

where

and

Hence, the chain rule may be applied to yield

dta dta at

QX\ a
(77 = ar (' + =) (A1)
r r X
at dt . at
3 _ a ;X 3 N
), s P ¢ i), - 1D

Furthermore, by differentia®ian, we find

226

T T e

RA Ay
P aray

]

v}

"o TR o LA T O

PRI T )
‘['.‘.'.'- A

o vy
LA |

Y S,

YT

CoCWIR D] . K Pl AL AT N L O REAPSENL RV . do g e v Tn Sv Jn Pu."c, o 0L Jt)

&L

e Fed

L VLIRR]

-
Eae
+




R W e e ® e -

[ad

at
8 a dg’ I3
(55—)x "TH T C, stne , (A-15)

and
(x=) =0 . (A-16)

The following result {is obtained from Reference
1:

dta Iy Xl.l
¥ T o - (D
s T

Equations (A-11) and (A-12) may now be rewritten
as

Ly L1 ax [a,za - y1.1 )}
Rl U T oI
[ ‘e
‘a— Czbiﬂa \N18)
and

ata 1 Xl.‘
(gr—)3 = Z(W) . 1A-19)

Substitution of Equations (A-18) and (A-19) into
(A-9) yields

<§g)t S S S IR

]
.- -1.1y -
+ 7 (1 + X ) sin. (A-20)
where
a_t
p— ma
t3=-—~{r* .

Finally we obtain
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tann= 190 (E (1 +XTfT) - x)
. E?x (1 + ) stng (A-21)
T

In summary, to determine ay , we first

compute n from Equation (A-21). Equation (A-6)
is then used to obtain § , which is substituted
into Fquations (A-2) through (A-4) to determine

the components of . Finally, Equatton (A-7)
is used to calculate a,. This approach is less
time-consuming than dfrect conmputation of the
gradient of ts because we make use of dta/dx

which ts available to us from previous analysis,
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Discussion

Mr. Bennett (Air Force Weapons Laboratory):
Could vour technique be applied to shock tubes
predicting the overpressure coming out the end,
and how it is dissipated over distance?

Mr. Heaps: Yes, I believe it can. The analysis
should apply equally well for shock tubes as
well as guns.

Mr. Bennett: Our specific concern is a shock
tube where the floor of the shock tube is at
ground level, so you don’t have a full, open
area as you would at the end of a gun barrel.

Mr, Fansler: That problem has been addressed by
Ed Schmidt. It 1s in an AIAA paper.

Mr. Fotleo (Martin Marietta Orlando): Would
this technique be helpful in predicting the
pressures acting on the back end of a projectile
as {t exits the gun? 1 know that is a near-
field kind of pressure, but that has been one of
the problems with the fall-off of the pressure
acting on the base of the projectile.
Consequently, you would find the set-forward
loading you would get on the Copperhead and the
Navy guided projectile,

Mr. Hesps: 1 think it could be used for that
application.

Yr. Fansler: We looked at this problem some
vears ago. Again, I can give you the reference
to that.

H

~

N
O

AV
. 4 .

,-

YAA S

LRk
3 e 9

Y-
A% S .

a.
"y

.
[

Lt d
4N _\

.
I'r‘r\

X

LN
1
.
.

- -‘-/-'
RN S

R

A A

| E



S i

'.?.?:'

RN
LRI

0 ,‘,

e
9

X}

[4

l.‘
N
N
N

Al L

Y vl

a

1P ¥ 8 2ie Y

) 3 \%‘;\ﬁ;{& '."

|

S T T Lﬂ

INTERIN DESIGN CRITERIA AND ACCEPTANCE
TEST SPECIFICATIONS FOR BLAST-RESISTANT WINDOWS

Gerald E. Meyers
Noval Civil Engineering Laborstory
Port Hueneme, California

overpressures asre recommended.

thickness, glass dimensiors,

sures, and effective blast duration
test cectification procedure are also discussed. Additionally, various
oaterials to enhance the safety of glass, when shattered, are discussed.
L_finally. design examples are presented.

Preliminary design criteria for blast resistant windows exposed to blast
Design procedures and design curves for
fully tempered glass are presented and parametized according to glass
glass aspect ratio,
Design criteria for trames and a

peak blast overpres-

INTRODUCTION

Historical records of explusion effects
demonstrate that airborne glass fragments from
failed windows are often the major cause of
injuries from explosious. Also, failed window
glezing often leads to additional injuries as
blast pressure can enter interior building
spaces and subject personnel to high pressure
jetting, incident overpressure, secondary debris
impact and thrown body impact. These risks are
heightened in wmodern facilities, which often
have large areas of glass for aesthetic reasons.

Guidelines are presented for the design,
evaluation, and certification of windows to
survive safely a prescribed blast environment
described by a trianguler-shaped pressure-time
curve. Window designs using thermally tempered
glass based on these guidelines can he expected
to provide a probability of failure equivalent
to that provided by current safety standards for
safely resisting wind loads.

The guidelines are presented in the form of
load criteria for the design of both tne glass
panes and framing system for the window. The
criteris account for both bending and memhrane
stresses and their effect on maximum principal
stresses and the nonlinear behavior of glass
panes. The criteria covar a broad range of
design parameters for rectangularsnaped gisss
panes: a pane aspect ratio 1.00 § a/b $ 2.00,
pane area 1.0 € ab € 25 ft?, and nominal glass
thickness 1/4 $ v & 1-1/2 1nches. reose Jy,
the design criteria are for blast resistant
windows with thermally treated, tempered glass.

INTERIH DESIGN CRITERIA FOR GIAZING

Glazing Materials

The design criteria cover thermally tem-
pered glass meeting the requirements of Federal

Specifications DD-G-14038 and DD-G-451d. Addi-
tionally, thermally tempered glass is required
to meet the m.nimum fragment weight requirements
of ANST 297.1-1984, Section 5.1.3(2).

Annealed glass is the most common form of
glass available today. Depending upon wanufac-
turing techniques, 1: 1s alsu known as plate,
float or sheet glass. During manufscture, it is

cooled slowly. The process results in very
little, if any, residual compressive surface
stress. Consequently, annealed glass is of

relatively low strength when compared to tem-
pered zlass. Furthermore, it has large varia-
tions in strength and fractures into dagger-
shaped, razor-sharp fragments. For these rea-
sons, annealed glass is not recoomended for use
in blast resistant windows.

Thermally tempered glass is the most reudi-
ly available tempered glass on the market. It
1s manufactured from annealed glass by heating
to a high uniform temperature and then applying
controlled rapid .ooling. As the internal
temperature profile relaxes towards uniformity,
internal stresses are created. The outer layers,
which cool and contract first, are set in com-
pression, while internal layers are set in
tension. As it is rare for flaws, which act as
stress magnifiers, to exist in tne interior of
tempered glass sheets, the internal tensile
stress is of relatively minimal consequence. As
failure originates from tensile s:iresses excit-
ing surface flaws in the glass, precompression
permits a larger load to be carried before the
net tensile strength of the teampered glass pane
15 exceeded. Thermally tempered glass 1s typi-
cally four to five times stronger than annesled
glass.

The fraciture characteristics of tempered
glass are superior wu ithuse of zonealed glass.
Due to the high strain energy stored by the
prestress, tempered glass will eventually frac-
ture 1nto small cube-shaped fragments instead of
the razor-sharp and dagger-shaped fragments
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associated with fracture of annealed glass.
Breakage patterns of side and rear windows in
American automobiles are a good example of the
failure mode of thermally or heat-treated tem-
pered glass.

Glass can also be tempered chemically by a
bath process where ions are exchanged between
the bath and the glass. Denser packing of the
molecules close to the surface of glass plate
results and produces a layer of compression.
Precompression levels between 10,000 and 50,000
psi are reported by industry. As the molecular
packing and precompression layer is usually not
deeper than 0.012 inch from each surface (com-
pared with 20 to 22% of overall thickness from
each surface for thermally tempered glass), less
strain energy is stored in the glass plate and
consequently the fracture pattern resembles that
of annealed glass.

A common problem with some commercially
available chemically tempered glass is that the

precompression depth or case depth is thin-

enough (0.001 inch) to be pierced by surface
flaws (often 0.004 inch deep). If this occurs,
the surface flaws will penetrate the inner
tensile layer. The cesulting stress concentra-
tion about the tip of the flaw in the temnsile
regime of the cross-section will often induce
premature failure,

Only chemically tempered glass with a
precompression depth greater than 0.010 inch
offers reliable enough performance for use in
blastresistant design. Several types of chemi-
cally tempered glass are now under investigation
by the Naval Civil Engineering Laboratory (NCEL)
for future inclusion in blast-resistant window
design criteria.

If chemically tempered glass with a precom-
pression greater than thermally tempered glass
and a deep enough precompression level can be
reliably produced at a reasonable cost, it may
be, as a laminated cross section with polycar-
bonate as the inner ply, the ideal material for
blast~ and ballistic-resistant glazing. Not
only will the glass exhibit more strength than
thermally tempered glass, but as it will fail in
a manner similar to annealed glass with large
gless fragments, it will offer a degree of
fragment ancd ballistic resistance. This 1is
because the large shards of glass, although
fractured by the first ballistic projectile, are
held in place by the interlaminar material and
can flatten, slow down, and tumble subsequent
ballistic projectiles for catch by the polycar-
bonate. The degree of fragment and ballistic
resistance will be related to the cross-sec-
tional thickness and make-up of the laminate.
Also, as a failed cross section will resemble a
cracked American automobile windshield, visibil-
ity will be maintained in a failed or cracked
lite. This can be paramount if the glazing is
used in a physical security or other critical
setting.

Semi-tempered glass is often marketed as
safety or heat-treated glass. However, it
exhibits neither the dicing characteristic upon
breakage nor the higher tensile strength associ-
ated with fully tempered glass. Semi-tempered
glass i3 not recommended for blast resistant
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windows unless it is laminated. If laminated
with polycarbonate inboard lites, semi-tempered
glass can provide a degree of ballistic resis-
tance as well as moderate blast resistance.
Again, the degree of fragment and ballistic
resistance will be related to the cross-sec-
tional thickness and make-up of the laminate.

Another common glazing material is wire
glass, annealed glass with an embedded layer of
wire mesh. Its only use is as a fire resistant
barrier. Wire glass has the fracture and low
strength characteristics of annealed glass and
although the wire binds fragments, it preseats
metal fragments as an additional hazard. Wire
glass is never recommended for blast resistant
windows.

The design of blast resistant windows is
currently restricted to heat-treated fully-tem-
pered glass meeting both Federal Specification
DD-G-1403B and ANSI 297.1-1984. Tempered glass
meeting only DD-G-1403B may possess a surface
precompression of only 10,000 psi. At this
level of precompression, the fracture pattern is
similar to annealed and semi-tempered glass.
Tempered glass meeting the minimum fragment
specifications of  ANSI 297.1-1984  (Section
5.1.3(2)) has a higher surface precompression
level and tensile strength which improves the
capacity of blast resistant windows. Addi-
tionally, failure results in smaller cubical-
shaped fragments.

Although thermally tempered glass exhibits
the safest failure mode, failure under blast
loading still presents a significant health
hazard. Results from blast tests reveal that
upon fracture, tempered glass fragments may be
propelled in cohesive clumps that only fragment
upon impact into smaller rock-salt shaped frag-
ments. Even ir the tempered glass breaks up
initially into small fragments, sufficient blast
pressure can propel the fragments at a high
enough velocity to constitute a severe hazard.
Computer simulations at NCEL indicate that a
6-psi blast pressure with an effective duration
of 50 msec can eject glass fragments from a
54 » 36 x 3/8-inch thermally tempered lite at
speeds up to 80 mph. Also, biomedical experts
report that the 58-ft-1b criterion for accept-
able fragments should not be applied to tempered
glass because of the high likelihood of sharp
edge and corner impact by the fragments. Lami~
nating the glass with polyvinyl butyral, adding
a polycarbonate inner ply or, in some cases,
applying a fragment retention film (discussed in
the Fragment Protection Film section) to the
inside face of the glass can significantly
improve safety.

Design Stresses

The design stress is the maximum principal

tensile stress allowed for the glazing. The
design stress was derived for a prescribed prob-
ability of failure, using a statixtical failure
prediction model similar to that under develop-
ment by the ASTM  (Committee 106.51).  Thus,
foilure of the glazing is assumed to occeur when
the maximum principal tensile stress oxceeds a
design  siress  associated with o prescribed




probability of failure. For the full range of
design parameters (1.0 S ab § 25 ft*, 1.00 § a/b
$ 2.00 and 1/4 St S 1-1/2 inches), and a stress
intensity duration of 1 second, the model pre-
dicted a design stress for tempered glass of
16,000 psi based on a probability of failure
P(F) $ 0.001.

These design stresses for blast resistant
glazing are slightly higher than those commonly
used in the design for one-minute wind loads.
However, these higher design stresses are justi-
fied on the basis of the relatively short stress
intensity duration (always considerably less
than one second) produced by blast loads.

Dynamic Response to Blast Load

An analytical model was used to predict the
blast load capacity of tempered glazing. Char-
acteristic parameters of the model are illus-
trated in Figure 1.
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The glazing is a rectangular glass plate
having a long dimension, a, short dimension, b,
thickness, t, poisson ratio, v = 0.22, and elas-
tic modulus, E = 10,000,000 psi. The plate is
simply supported along all four edges, with no
in-plane and rotational restraints at the edges
in accordance with observed window boundary
conditions (Anians). The relative bending
stiffness of the supporting frame members is
assumed to be infinite relative to the pane.
Recent static 1load tests indicate that the
allowable frame member deflections in the design
criteria of 1/264 of span will not measurably
reduce pane strength.

The blast pressure loading is described by
a peak triangular-shaped pressure-time curve as
shown in Figure 1b. The blast pressure rises
instantaneously to a peak blast pressure, B, and
then decays with a blast pressure duration, T.
The pressure is uniformly distributed over the
surface of the plate and applied normal to the
plate.
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(a) Window pane geometry
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(b) Blast loading
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(d) Dynamic response model

Figure 1. Characteristic parameters for glass pane, blast loading,
resistance funcrion and response model,
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The resistance function (static uniform
load, r, versus center deflection, X) for the
plate accounts for both bending and membrane
stresses. The effects of wmembrane stresses
produce nonlinear stiffening of the resistance
function as illustrated in Figure lc. The
failure deflection, X , is defined as the center
deflection where the maximum principle temnsile
stress at any point in the glass first reaches
the design stress, £ , of 16,000 psi.

The model used”a single degree of freedom
system to simulate the dynamic response of the
plate, as shown in Figure 1d. In order to be
conservative, no damping of the window pane is
assumed. Future charts for rebound will include
damping with the coefficient of critical damping
based on actual blast test results. 7Tne applied
load, P(t), is shown in Figure 1b. The resis-
tance function, r(x), is shown in Figure 1d.
Given the design parameters for the glazing, the
design or failure stress, fu' and the blast load
duration, T, the model calculated the peak blast
pressure, B, required to fail the glazing by
exceeding the prescribed probability of failure,
P(F), of 0.001. The model also assumed failure
to occur if the center deflection exceeded ten
times the glazing thickness. This restricts
solutions to the valid range of the Von Karmen
plate equations used to develop the resistance
function for the glazing while also preventing
edge disengagement of the glass lite.

Design Charts

Charts are presented in Figures 2 to 21 for
both the design and evaluation of glazing to
survive safely a prescribed blast loading with a
probability of failure no greater than 0.001.
The charts relate the peak blast pressure capac-
ity, B, of thermally tempered glazing to all
combinations of the following design parameters:
a/b = 1.00, 1.25, 1.50, 1.75 and 2.00; 1.00 £ ab
$25 ft2; 12 §b S 60 inches; 2SS TS 1,000
msec; and t = 1/4, 5/16, 3/8, 1/2, 5/8, 3/4, 1,
and 1-1/2 inches (nominal). Thermally tempered
glass up to 3/4 inch thick can be easily pur-

chased in the United States. Only limited
quantities of 1-inch-thick thermally tempered
glass are available. The 1-1/2-inch-thick

thermally tempered glass is only available in a
laminated format with a polyvinyl butyral (PVB)
inner layer. :

As it is highly probable that the extremely
nigh strain rates associated with the response
oY windows to blast loading will enable the
polyvinyl butyral (PVB) inner layer to transmit
transverse or horizontal shear and result in a
monolithic behavior of the glass 1lite, the
design curves for 1-1/2-inch-thick glass will
most likely be proved valid for laminated glass.
However, until planned blast load tests are
completed by the Naval Civil Engineering Labora-
tory, the blast 1lnad capacity {for laminated
thermally tempered glass should be 75% of the
posted value in Figures 5, 9, 13, 17, and 21.
This downward load capacity adjustment is common
in designing laminated glass for wind loadings.

it is expected that aircraft grade (AG)
polyvinyi hutyral, being stiffer than the more

234

common architectural grade (SR), will enhance
monolithic glass plate behavior. Until blast
load testing and evaluation are complete, the
aircrzft grade polyvinyl butyral is suggested as
the choice interlaminar material.

Each chart has a series of curves. Each
curve corresponds to the pane dimension shown to
the right of the curve. Adjacent to the pane
dimension is the value of B (peak blast pressure
capacity) corresponding to T = 1,000 msec. The
posted value of B is intended to reduce errors
when interpolating between curves.

The charts are based on the minimum thick-
ness of fabricated glass allowed by Federal
Specification DD-G-451d. However, the nominal
thickness should always be used in conjunction
with the charts, i.e., t = 1/4 inch instead of
the possible minimum thickness of 0.219 inch
used in design.

FRAGMENT PROTECTION

In those cases where it is impossible or
uneconomical to design for .omplete blast pro-
tection, the danger from glass fragments should
be minimized. Commercial products have been
developed which offer a relatively inexpensive

method to improve the shatter resistance of
window glass and significantly decrease the
energy and destructive capability of glass

fragments.

Laminated Glass

In terms of fragment retention, a laminated
blast-resistant lite offers significant advan-
tage over monolithic glass. If glass failure
occurs, the polyvinyl butyral may retain most of
the glass fragments. However, this is highly
dependent upon the post failure pressure-time
history of the blast loading. Generally, a
greater margin of safety between glass failure
and fragment ejection exists for short-duration
blast loads characterized by small and close-in
explosive charges. Under 1long-duration blast
loads associated with large explosive charge
weights, such as munition storage areas or
nuclear explosions, or under blast loads much
higher than design a considerably smaller factor
of safety may be attributed to the lamination as
the failed lite may be propelled as a single
body into the interior of the structure. How-
ever, in this failure mode the pane will proba-
bly travel a smaller distance than the ejected
glass fragments and a smaller percentage of the
interior space will be impacted by glass frag-

ments. Also, if a projectile passes through the
glass, most spalled glass fragments will be
retained. Depending upon the energy imparted to

the failed lite by the pressure time history of
an explosion, a decorative crossbar or grillwork

may provide an additional increase in safety
from a failed laminated glass lite.
Environmental  durability of polyvinyl

butyral is a known and proven quantity. Long-
term use in automobile and aerospace windows
indicates that few, if any, problems of environ-
mental degradation will be encountered.
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Figure 3. Peak blast pressure capacity for tempered glass panes: a/b =1.00,t= 3/8 and 1/2 in.
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Fragment Retention Film

Another product, which will enhunce protec-
tion from glass fragments, is a clear plastic
(polyester) film which self-adheres to the
inside surface of window panes. The film is
particularly beneficial for retrofiiting previ-
ously installed windows. Typical films are
about 0.002 to 0.006 inch thick with a self-
adhesive face. The film is often commercially
referred to as shatter resistant film, safety
film, or security film. Under short-duration
blasts, characterized by small and close-in
explosions, blast tests have indicated that the
film vill hold the glass in position even though
the glass is shattered. Under long-duration
blast loads relative to the natural period of
vibration of the glass pane, or under much
higher than design blast loads, it is unknown if
the membrane strength of the film will be ex-
ceeded and the fractured pane may be propelled
as a single body. Consequently, fragment reten-
tion films with the highest membrane strength
should be chosen. Also, where new glass is
fitted with film or where the cost-benefit
ratios allow in retrofitting, the film should be
installed over the entire glass area and into
the frame bite.

If a complete pane of film reinforced glass
is blown away from its frame by a higher than

design or long-duration biast wave, 1t may
travel as a single piece while adhering to the
film. In this configuration, tests indicate

that it will travel « shorter distance aad the
individual fragments from unfilmed glass and
will be less hazardous because of the shielding
effect of the film. If a structural crossbar or
grillwork, which can be decorative, is secured
across the opening with enough strength to
absorb the energy of impact from the failed
lite, the glass will be prevented from being
propelled across a room. Additionally, if a
projectile passes through the film-reinforced
glass, the glass immediately around the hole
will ordinerily adhere to the film. The result
is that any fragments broken free by the impact
will be fewer in number and lower 1n energy
content, then without the film.

There are additional benefits from fragment
retention film. The film can be tinted to
improve the heat balance of the structure.
Also, like laminated glass, the film affords
benefits in terms of physical security. Addi-
tionally, the film also protects the inner
trnsile surface of the glazing from scratches
and humidity, thus reducing streng.h degradation
of the glazing with time. Finally, in the event
of & multiple blast explosicn where the glass
will be progressively weakened by the effects of
ceramic fatigue, fragment retention film can
provide an additional factor of safety.

Polycarbonate

Another material that can signiticantly
enhance the fragment resistance of glazing 1s a
polycarbonate inner lite. The polycarbonate can
either be laminated to the ainboard side of the
glass, installed as an inner pane in an 1nsu-

lated duol pane unit, or bolted across the
inside of the frame as a ‘''quick-and-dirty"
retrofit. Although analysis indicates that
polycarbonate, because of its low elastic modu-
lus relative to glass (1/30), will not measur-
ably increase the strength of glass in a lami-
nated or composite lite, 1t will act as a highly
effective spall shield and very significantly
incresse resistance to fragment penetration,
impact, and direct physical assauvlt. If the
polycarbonate is placed behind any of the
glasses that failed in large shards, some bullet
or ballistic resistance can be obtained. Unfor-
tunately, because of the break pattern of ther-
mally tempered glass, it is not possible to
attain multiple shct ballistic resistance from
thermally tempered glass backed by polycarbon-
ate. Chemically tempered glass with a deep
precompression layer over 0.010 inch and a
thickness of at least 1/4 inch mounted outboard
of the polycarbonate will provide a sound basis
for ballistic as well as blast design. As with
all ballistic-resistant windows, field tests
will be required to find the optimum glass-poly-
carbonate cross section.

Currently polycarbonate is glazed into a
frame in a manner rimilar to glass, although
with a larger frame engagement or bite. In this
edge configuration, the polycarbonate will
probably fail under blzst load by edge disen-
gagement . However, if 4 technology can be
developed to adequately grip the pelvcarbonate
and develop its ductility and membrane strength,
the blast capacity of polycarbonate increases
dramatically. Preliminary analysis indicates
that a tenfold increase in blast resistance is
possible. Research by the author is currently
underway at NCEL in this regard.

Polycarbonate's main disadvantage is that
it is subject to greater environmental degrada-
tion than glass, especially from the effects of
abrasion and wultraviolet radiation. Chemical
coatings or a layer of glass over each exterior
surface is commonly used to protect polycarbon-
ates from both abrasion and ultraviolet radia-
tion.

Polycarbonates are resistant to most chemi-

cals. Howeve:r, it is susceptible to aromatic
hydrocarbons, esters, ketones, and acetone
phenols .

Polycarbonate will burn when a flame 1is
held to it. However, it will tend to extinguish
1tself when the flame is removed. Rated as a
class €CC-1 materaal, it is much less combustible
than acrylic (plexiglass). However, local fire
codes should be consulted.

Optical properties of polycarbonate are
good;, it will transmit 85% of entering light.

Because polycarbonate has a temperature
expansion c(oefficient about 10 times greater
than glass, it cannot be laminated to glass with
polyvinv]l butvral. Instead it must be laminated
with proprietary urethane materials, which allow
thermally induced sliding between glass and
polycarbonate.

Currently, NCEL recommends that in situa-
tions where glass fragment control 1s the prime
concern, polycarbonate not be laminated with the
glass but rather be stacked behind the glass,
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with or without an air gap. Not only is the
initial high cost of a lamination precluded, but
if the polycarbonate dezrades over time, it can
be replaced without replacing the glass. Also,
if the outer glass develops a ~rack or fracture,
it can also be replaced independently. In
situations where ballistic threat is also a
design concern, the laminated composite should
be used, as it is advantageous to keep fractured
glass in place to sid in flattening, tumbling,
and slowing bullets.

INTERIM DESIGN CRITERIA FOR FRAME

Sealants and Gaskets

The sealant and gasket design should be
consistent with industry standards and should be
continuous around the perimeter of the glass
pane.

Frame Loads

The window frame must develop the static
design strength of the glass pane, r , given in
Table 1. Otherwise, the design is ificonsistent
with frame assumptions and the peak blast pres-
sure capacity of the window pane predicted from
Figures 2 to 21 will produce s failure rate in
excess of the prescribed fasjilure rate. This
results because frame deflections induce higher
principal tensile stresses in the pane, thus
reducing the strain energy capacity available to
safely resist the blast loading.

In addition to the load transferred to the
frame by the glass, frame members must also
resist a uniform line load, L applied to all
exposed members.

1. Deflection: No frame member should
have a relative displacement exceeding
1/264 of its span or 1/8 inch, which-
ever is less.

2. Stress: The maximum stress in any
member should not exceed f /1.65,
where f = yield stress of the members
material.

3. Faslene[&: The maximum stress in any
fastener should not exceed fy/2.00.

The design loads for the glazing are based
on large deflection plate theory, but the re-
sulting transferred design loads for the frame
are based on an approximate solution of small
deflection theorv for laterally loaded plates.
Analysis indicates this sapproach to be con-
siderably simpler and more conservative than
using the frame loading based exclusively on
large deflection membrane behavior. character-
istic of window panes. The effect of the load
applied directly to the exposed frame members of
width, w, should also be considered. According
to the assumed plate theory, the design load,
r , produces a line shear, V_, applied by the
long side, a, of the pane equal to:

Vx = Cx 0 b sin (nx/a)

+ L (1)
The design load, r , produces a line ghear, V_,
applied by the short side, b, of the pane equsal
to:

\'y = cy r, b sin (ny/b)

tr, v (2)

The design load, r , produces a corner concen-
trated load, R, Len&ing to uplift the corners of
the window pare equal to:

R = -C,r b (3)

Distribution of these forces, as loads arting on
the window frame, is shown in Figure 22. Table 2
presents the design coefficients, Cx’ C , and C
for practical aspect ratios of the window pane.
Linear interpolation can be used for aspect
ratios not presented. The loads given by Equa-
tions 1, 2, and 3 should be used to check the
frame mullions and fasteners for compliance with
the deflection and stress criteria stated above.
It is important to note that the design load for
mullions is twice the load given by Equations 1
to 3 in order to account for effects of two
panes being supported by a common mullion.

Special design consideration should be
taken so that the deflection of the building
wall will not impose deflections on the frame.
Where it is impossible to achieve enough build-
ing wall rigidity, it is recommended that the
frames be pinned to the structure in a maaner to
permit a 2-degree wall rotation.

Rebound Stresses

Under a short duration blast load, the
window will rebound with a negative (outward)
deflection. The stresses produced by the nega-
tive deflection must be safely resisted by the
window while positive pressures act on the
window. Otherwise, the window which safely
resists stresses induced by positive (inward)
displacements will later fail in rebound while
positive pressure still acts. This will propel
glass fragments into the interior of the struc-
ture. However, if the window fails in rebound
during the negative (suction) phase of the blast
loading, glass fragments will be drawn away from
the structure.

Pebound criteria are currently not avail-
able for predicting the equivalent static uni-

form negative load (resistarce), e, that the
window must safely resist for various blast load
durations.  However gnalycic indicates that for

T ¢ 100 msec, significant rebound does not occur
during the positive blast pressure phase for the
range ot design parameters given 1n Figures 2 to
21.  Therefore, rebouni can he neglected as a
design consideration for T 2 100 msec. For
T < 100 msec, 1t is recommended that the rebound
charts 1n NAVFAC P-397 be used to estimate ro-
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Table 1, Static Design Strength, r (psil), for Tempered Glass*
u

ASPECT RATIO = 1.00

[a = long dimension of glass pane (in.); b = short dimension of glass pane (in.)]

W -
X - 1
vy ‘ng R

-+
Ay

%y

i gi::? Static Design Strength (psi)} for & Window thickness, t, of --
. ‘(’irf")’ 1.5 4n. | 1.0 in. | 3/4 tn. | 5/8 n. | 1/2 in. | 3/8 in. | S/16 fn. | 174 tn.
Y 12x12 827 374 206 141 87.7 50.3 27.5 20.2
! 13x13 705 319 176 120 74.7 42,8 23.9 17.6
i 14x14 608 275 151 103 64.5 6.9 21.1 15.5
! 15x15 529 240 132 90.1 56. 1 32.2 18.7 14.2
K 16x16 465 211 16 79.2 49.3 28.3 16.7 13.4
N 17x17 412 187 103 70.1 43.7 25.5 15.1 12.7
] 18x18 168 166 51.6 62.5 39.0 23.1 14.1 12.6
. 19x19 330 149 82.2 56.1 35.0 21.0 13.5 12.1
. 20x20 298 135 74,2 50.7 31.6 19.2 12.9 11.0
" 21x21 270 122 67.3 46.0 28.6 17.7 12.7 10.0
I 22x22 246 111 61.3 41.9 26.4 16.3 12.6 9.20
, 23x23 225 102 56.1 8.3 24,4 15.1 11.8 8.52
. 24%24 207 93.6 51.5 35.2 22.7 14.3 10.9 7.91
N 25x25 191 86.3 47.5 32.4 21,2 13.8 10.1 7.43
. 26x26 176 79,8 43.9 30,0 19.7 13.4 9.139 7.00
-~ 27x27 163 74.0 40.7 27.9 18.5 12.9 8.80 6.62
> 28x28 152 68.8 37.9 26.2 17.4 12.8 8.26 6.22
2 29x29 142 64.1 35.3 24.6 16.4 12.6 7.78 5.86
l 30x30 132 59.9 33.0 3.2 15.4 12.6 7.39 5.53
. 31x31 124 S6. 1 30.9 21.9 14.6 12.0 7.04 5.22
. 3232 116 52.7 29.0 20.8 14.2 11.3 6.71 4.94
- 33x33 109 49.5 27.4 19.7 13.8 10.6 6.39 4.68
- 34x34 103 46.7 26,0 18.7 13.5 10.0 6.07 4,45
e 35%35 97.2 44.0 24.8 17.8 13.2 9.50 5.77 4.23
N 36x36 91.9 41.6 23.6 17.0 12.8 9.05 5.50 4.04
: 17x37 87.0 39.4 22.5 16.2 12.7 8.63 5.24 3.86
I 38x38 82.5 37.3 21.5 15.4 12.7 8.24 5.0l 3.69
39%39 78.3 35.5 20.5 14.8 12.6 7.88 4,79 3.53
40x%40 764.4 33.7 19.7 14.4 12.5 7.57 4.58 3.39 R ¢
o 4lxbl 76.8 32.1 18.8 4.1 1.9 7.30 4.39 3.25 s
42x42 67.5 0.6 18.1 13.8 1.4 7.04 4,21 3.12 W
43x43 64,4 29.2 17.3 3.5 10.9 6.80 4,05 3.00 e
- Lhxb4 61.5 27.9 16.7 13.2 10.4 6.56 3.90 2.89 ,,-:P
- 45%45 $8.8 26.8 16.0 13.0 9.99 6.32 3.75 2.78 i,
Lbx46 56.3 25.8 15.4 12.9 9.59 6.08 3.€2 2.68 m
- 47x47 53.9 24.9 14.9 12.8 9.24 5.86 3.49 2.58 s
", 48x4R I 51.7 24.0 14.5 12.7 8.91 5.65 3.37 2.49 o
[ 49%49 49.6 23.2 14.2 12.6 8.59 5,45 3,25 2.41
A 50x50 47,6 22, 14.0 12.6 8.30 5,27 3,15 7.33 f:
: S1x51 45.8 21.6 13.7 12.4 8.02 5,09 3,04 1.25 NN
! 52%52 | 44.0 20.9 13.5 1.9 7.76 4,92 2.95 2.18 o
A s3xs2 | 2.4 0.2 13.3 1.5 7.564 4. 76 2,85 7.11 '
_- 5ax54 | 40.8 19,6 13.1 1.1 7.3 4,61 2.7 2.05 5
By 55%95 | 39.4 19.0 12.9 10.7 7.:3 4,47 2,68 1.99 T
. t56x56 ¢ 38.0 18.4 12.8 10.3 6.94 433 2.60 1.93 | S
N | s7x51 1 6.7 17.8 12.7 9.99 6.76 4.20 2.53 1.87 Ser
:.. R S TA 17,7 12,7 Q. kA 6.59 4.08 2.45 1.R2 AR
v | 59x59 | 34.2 16.8 12.6 9.18 ) 3,97 2,38 177 | e
. D 60x60 | 33,1 16,3 12.6 9.11 f.22 3.85 2.32 1,72 | "L
' A IR I - e R o A
; *Panes to the right and below atepped dividing line exhibit membrane behavior at design -
o loads, e
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Table 1, Continued*

[a = long dimension of glass pane (in.); b = short dimension of glaas pane (in.}]

ASPECT RATIO = 1,25

pols gi::? Static Design Strength (psi) for a Window Thickness, t, of --
’
:ﬁ ‘(’1: 3 ltsan | 10 sn. | 34 dn. [ 5/8 4a. | /2400 | 378 tn. | S/16 dn. | 174 dn,
L]
o 12x1S 617 280 154 105 65.5 7.5 20.5 15.2
13x16.25 526 238 131 89,5 55.8 32.0 17.9 13.5
14x17.5 454 205 113 77.2 48.1 27.6 15.8 12,3
15x18.75 395 179 98.5 67.2 41.9 24.0 14.2 1.1
16x20 347 157 86.6 59.1 36.8 21.1 13.0 10.2
17x21.25 308 139 76.7 52.4 32.6 19.0 12.0 9.86
18x22.5 274 124 68.4 46.7 29.1 17.2 11.1 9.78
19%23.75 246 112 61.4 41.9 26.1 15.8 10.3 9.72
20x25 222 101 55.4 37.8 23.6 14.6 9.96 9,54
21%26.25 202 91.3 50.3 34.3 21.4 13.6 9.79 8.69
22x27.5 184 83,2 45.8 31.3 19.7 12.8 9.78 7.95
23x28.75 168 76.1 41.9 28,6 18.2 12.0 9.70 7.30
24x30 154 69.9 38.5 26.3 17.0 11.3 9.49 6.75
25x31.25 142 64.4 35.5 24,2 15.9 10.7 8.77 6.27
26x32.5 132 59.6 32.8 22.4 14.9 10.2 8.14 5.83
27x33.75 122 55.2 30.4 20.8 14.1 9.98 7.57 5.45
28x35 113 51.4 28.3 19.5 13,4 9.80 7.07 5.12
29%x36.25 106 47.9 26.4 18.4 12.8 9.79 6.63 4.81
30x37.5 99.0 44,7 24.6 17.4 12.3 9.77 6.23 4,54
31x38.75 92.5 41.9 23.1 16.4 11.7 9,71 5.87 4,31
\‘4_,. 32x40 86.8 39.3 21.7 15.6 11.2 9.65 5.54 4.09
::.r 33x41,25 8l.6 37.0 20.4 14.9 10.7 9.22 5.25 3.90
ey 34x42,5 76.9 34.8 19.4 14.2 10.3 8.71 4.98 3.71
i 35x43.75 72.6 32.9 18.5 13.6 10.1 8.24 4.74 3.53
(-: 36x45 68.6 31.1 17.6 13.1 9.93 7.81 4,52 3.36
37%x46.25 64.9 29.4 16.8 12.7 9.80 7.41 4.32 3.20
] 38x47.5 61.6 27.9 16.1 12.3 9.79 7.05 4.14 3.06
," 39x48.75 58.5 26.5 15.5 11.8 9.78 6.72 3.97 2,92
’. 40x50 55.6 25.2 14.8 11.4 9.75 6.42 3.82 2.80
. 41x51.25 52.9 24.0 14.3 11,0 9.71 6.13 3.66 2.68
.’" 42%x52.5 50.4 22.8 13.8 10.6 9.66 5.87 3.51 2.57
.. 43%x53.75 48.1 21.8 13.4 10.3 9.47 5.63 3.37 2.47
o 44x55 45.9 20.8 13.0 10.2 9.06 5.40 3.24 2,37
n 45%56.25 43.9 20.0 12.6 10.0 8.68 5.19 3.11 2,28
o~ 46x57.5 42.0 19.3 12.3 9.87 8.32 5.00 3.00 2.19
}n’\- 47x58.75 40.3 18.6 11.9 9.80 7.99 4.81 2.89 2.11
6\' 48x60 8.6 17.9 11.5 9.79 7.67 4,64 2.78 2.03
-)\ 49x61.25 37.0 17.3 11.2 9,78 7.37 4,49 2.68 1.96
3w 50x62.5 35.6 16.7 10.9 9,77 7.11 4.34 2.59 1.89
" 51%x63.75 34,2 16.2 10.6 9.74 6.85 4,21 2.50 1.83
N 52x65 32.9 15.7 10.3 9.70 6.61 4.08 2.42 1.77
ﬁ 53x66.25 31,7 15.3 10.2 9.67 6.38 3.96 2.34 1.71
E:\‘ #Panes to the right and below stepped dividing line exhibit membrane behavior at design
) loads,
e
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Table 1. Continued®

[a = long dimension of glass pane (ir.); b = short dimension of glass pane (in.)]

ASPECT RATIO = 1,50

A S vR AR e BN LS

gi::: Static Design Strength (psi) for 8 Window Thickness, t, of --

xSy s an [ roan | 36 tn. [ 5/8 . | 12 tn. | 38 1. | 5716 tn. | 14 tn,
12x18 493 223 123 83.8 52.3 29.9 16.3 11.9
13x19.5 420 190 105 71.4 44,5 25.5 13.9 10.5
14x21 362 164 90.2 61.6 38.4 22.0 12.3 9.43
15x22,5 315 143 8.6 53.6 33.4 19.2 1.1 8.88
16x24 277 125 69.1 47.2 29.4 16.8 10.0 8,26
17»25.5 245 111 61.2 L1.8 26.0 14.9 9.31 8.14
18x27 219 99.1 54,6 37.3 23.2 13.3 8.85 8.02
19x28.5 196 89.0 49.0 33.4 20.8 12.3 8.84 7.90
20%30 177 80.3 44.2 30.2 18.8 11.4 7.83 7.78
2Ix31.5 161 72.8 40,1 27.4 17.1 10.6 7.81 7.62
22x33 147 66.4 36.5 24.9 15.6 9.86 7.80 7.03
23x34.5 134 60.7 33.4 22.8 14,2 9.32 7.77 6.45
24x36 123 55.8 30.7 21.0 13.1 8.98 7.77 5.95
25x37.5 113 S1.4 28.3 19.3 12,4 8.64 7.63 5.50
26x39 105 47.5 26.2 17.9 11.7 8.24 7.19 s.10
27x40.5 97.3 44,1 24.3 16.6 1.0 7.86 6.69 4.74
28x42 90.5 41.0 22.6 15.4 10.4 7.85 6.24 4,42
29x43.5 84.3 38.2 21,0 14,4 "~ .89 7.85 5.83 4,14
30x45S 78.8 35.7 19.7 13.4 9.42 7.84 S.47 3.88
31x46,5 73.8 33.4 18.4 12.8 9.16 7.83 5.13 3.64
32x48 69.3 31.4 17.3 12,2 8.91 7.82 4,83 3.43
33x49.5 65.1 29.5 16,2 11.6 8.65 7.72 4.55 3.27
J4xS1 61.4 27.8 15.3 11,1 8.34 7.62 4,30 3.13
35x52.5 57.9 26,2 14.4 10.6 8.05 7.28 4,07 3.00
36x54 54.7 24.8 13.6 10.2 8.02 6.90 3,85 2.87
37x55.5 51.8 23.5 13.0 9.78 7.99 6.55 3.66 2.74
38x57 49,1 22.2 12.5 9.42 7.96 6.22 3.47 2.61
39x58.5 46.6 21.1 12.0 9.21 7.93 5.92 3.33 2.50
40x60 44.3 20.1 11.6 9,01 7.91 5.64 3.21 2.39
41x61.5 42.2 19.1 11.2 8.82 7.88 5.38 3.09 2.2
42x63 40.2 18.2 10.8 8.60 7.85 S5.13 2.98 2.19
43x64.5 38.4 17.4 10.4 8.35 7.77 4,91 2,88 2.10
44x66 16.6 16.6 10.1 8,12 7.69 4.70 2.77 2.02
45x67.5 35.0 15.9 9.71 7.90 7.62 4.50 2.66 1.94
46x69 33.5 15.2 9.42 7.69 7.35 4,31 2.56 1.86
47%x70.5 32.1 14.5 9.25 7.62 7.06 4,14 2.47 1.79
48x72 30.8 13.9 | 9.08 7.55 6.78 3.97 2.38 1.7

" L4

*Panes to the right and below stepped dividing line exhibit membrane behavior at design

loads.

(continyed)
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. Table 1. Continued* H’Nf
: {a = long dimension of glass pane (in.); b = short dimensfon of glasr pane (in.)] :F
¥
l ASPECT RATIU = 1.75 a
‘ Glass *
‘ Size, Static Design Strength (psi) for a Window Thickness, t, of -= :_
. ety W
: TS s ans [0 {376 an. {578 0. | 172 40, | 3/8 tn. | 5716 dn. | 174 tn. N
. f_\:_
' 12x21 436 197 109 74.2 46.3 26.5 4.4 10.2 Lo
| 13x22.75 372 168 92.6 63.2 39.4 22.6 12,3 8.91 -
14%24.5 320 145 79.9 54,5 34,0 19.5 19.6 8.01
' 15%26.25 279 126 69.6 47.5 29.6 17.0 9.46 7.32 ‘.
. 16x28 245 111 61.2 41.7 26.0 14.9 8.52 6.83 SN
. 17%29.75 217 98.4 $4.2 37.0 23.0 13.2 7.85 6.36 U
. 18x31.5 194 87.8 48.3 33.0 20.6 1.8 7.30 5.93 L
- 19x33.25 174 78.8 43.4 29.6 18.5 10.6 6.88 5.76 e
’ 20x35 157 7.1 39,1 26.7 16.7 9.71 6.49 5,73 I
I 21x36.75 142 64.5 35.5 24,2 15.1 8.96 €.12 5.70 C
: 22x38.5 130 8.8 32.4 22.1 13.8 8.36 .84 S.68 3
. 23x40.25 119 $3.8 29.6 20,2 12.6 7.87 5.73 5.57 ?.“\
N 24x42 109 49,4 27.2 18.6 11.6 7.43 5.71 5.27 NN
{ 25x43.75 100 45.5 25.1 17.1 10.7 7.1 5.70 5.00 e
N 26x45.S 92.9 6. 21.2 15.8 9.97 6.81 5.69 4.67 i
: 27x47.25 86.2 39.0 21.5 14.7 9.37 6.52 5.66 4,35 Ny
28x49 80.1 36.3 20.0 13.6 8.83 6.24 5.45 4.05 PNy
l 29%50.75 76.7 33.8 18.6 12.7 8.38 5.98 5.21 3.79 :
" 30%52.5 69.8 31.6 17.4 11.9 8.01 5.82 4.98 3.56
: 31x54.25 65.4 9.6 16.3 1.1 7.66 5.74 4,70 3.36
, 32%56 61.1 27.8 15.3 10.4 7.35 5.73 4,463 3.17
. 33x57.75 $7.7 6.1 14.4 9.93 7.11 5.71 417 3.00
. 36%x59.5 54,3 24.6 13.5 9.46 6.89 $.70 3.94 2.85
. 25%x61,25 51.3 23.2 12.8 9.02 6.67 5.69 3.73 2.72
36x63 48.5 21.9 12.1 B.62 6.45 5.67 3,54 2.60
i 17%64.75 45.9 20.8 11.4 8.30 6.24 5.63 3.37 2.49
- 38x66.5 43.5 19.7 to.8 8.00 6.04 5.44 3.21 2,37
. 39x68.25 41.3 18.7 10.3 7.73 5.87 5.26 1.06 2.26
' 40x70 39.3 17.8 9.91 7.47 5,80 5.09 2,93 2.16
41x71.75 37.4 1.9 9,52 7.26 5.74 4.91 7,82 2,06
42:73.5 35.6 16.1 9.15 7.07 5.72 4.71 2.7 1.97
43%75.25 34.0 15.4 .81 6.90 5.70 4.50 2.61 1.89
44x77 32.4 14.7 8.50 6.73 5.69 4.30 2.51 1.81
45x78.75 31.0 14.0 8.24 6.55 5.70 4,12 2.42 1.74

*Panes to the right and below stepped dividing line exibit membrane behavior at design
loads.

(continued)
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Tatle 1. Continued?*
[a = long dimension of glass pane (in.); b = short dimension of glass pane (in.)]

ASPECT RATIO = 2,00

+
: gi::? Static Design Strength (psi) for a Window Thickness, t, of --
i t\’i:‘;’ 1.5 tn. | 1.0 tn, 3/4 in, l S/8& in. /2 in, 3/8 ir. s/16 1n.1 1/6 <n.
.
12%x24 391 177 97.6 66.6 41.5 23.8 13.0 9,05
i 13x26 333 151 83.1 56.7 35.4 20.3 1.0 7.81
. 14x28 287 130 71.7 48.9 30.5 17.5 .52 6.87
. 15x30 250 113 62.4 42.6 26.6 15.2 8.31 5.29
~ 16x32 220 99.7 54.9 37.5 23.4 13.3 7,43 5.81
N T34 195 88.3 48.% 33.2 20.7 11.9 6.72 5.40
. 18x36 174 78.7 43.4 29.6 18.5 10.6 6.26 5.03
Y 19x38 156 70.7 38.9 26.6 16.6 9,49 5.86 6.71
y 20%40 141 63.8 35.1 24,0 14,9 8.56 5.51 4,56
' 21x42 128 57.9 31.9 21.7 13.6 7.85 5.19 4.46
h 22x44 116 52,7 29.0 19.8 12.6 7.25 4.90 4,42
" 23x46 107 48,2 26.6 18.1 1.3 6.73 4.64 4,39
. 24x48 97.8 44,3 24,4 16.6 10.4 6.39 4.5% 4.37 |
- 25x50 90.2 40.8 22.5 15.3 9.56 6.08 4.47 4.32
i 26x52 83.4 37.7 20.8 14.2 8.84 5.79 4,40 4.34
- 27x54 77.3 35.0 19.3 13.2 8.23 5.52 4,39 4,01
28x56 71.9 32.5 17.9 12.2 7.73 5.29 4,138 3.74 \
29x58 | 67.0 30.3 16.7 1.4 7.27 5.07 4,37 3.50 !
s 30x60 | 62.6 28.4 15.6 10.7 6.86 4.86 4.31 3.28
¢ 3162 58.6 26.6 14.6 9.9¢8 6.57 4.67 4.25 3.09
¢ 2x64 55.0 24.9 13.7 9.36 6.32 4,58 4,08 2,93
R 33x66 51,7 23.4 12,9 8.80 6.08 4,52 3,85 2,78
34x68 48.7 2.0 12.2 8.31 5.87 4,47 3.64 I.64
j 35%x 70 46.0 20.8 11.% 7.91 5.66 4.4 3.4¢4 2.51
. | Wx72 43,5 19,7 10.8 7.53 5,47 4,40 3.26 2,39
37x74 41,2 18.6 10.3 7.18 5.79 4.39 3,11 2.28
~ 1 38x76 39,0 17.7 9.73 6.86 5.12 4.38 2.97 2.18
- | 39x78 37.0 16.8 9.24 6.6 4.96 4.37 2.84 2.08
g V' 4oxs0 35,2 16.0 8.78 h.o 4,81 4.2 2,72 1.8
- bo41x82 33.5 15.2 8.37 b2 4.67 4,30 2,60 1.89 I
:h.: UZXSG 31,9 14,8 8.03 §.05 4.60 4,25 2.50 1._80 J
|y

#*Panes to the right and below stepped dividing line exhibit membrane hSehavior at design
loads.
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CERTIFICATION TESTS

Certificastion tests of the entire window
assembly are required unless analysis demon-
strates that the window design is consistent
with assumptions used to develop the design
criteria presented in Figures 2 to 2}. The
certification tests consist of applying static
unifora loads on at least two sample window
assemblies until failure occurs in either the
tempered glass or frame. Although at least two
static uniform load tests until sample failure
are required, the acceptance criteria presented
below encourage a larger number of test samples.
The number of samples, beyond two, is left up vo
the vendor. Results from al) tests shall be
recorded in the calculations. All testing snall
be performed by sn independent and certified
testing laboratory.

A probability of failure under testing of
less than 0.025 with a confidence level of 90%
is considered sufficient proof for acceptance.
This should substantiate a design probability of
failure, P(F), under the design blast load of
0.001.

Test Procedure - Window Assenbly Test

The test windows (glass panes plus support
frames) shsll be identical in type, size, seal-
ant, and <enstruction to those furnished by the
windowv manufacturer. The frame assembly in the
test setup shall be secured by boundary condi-
tions that simulate the adjoining walls. Using
either a vacuum or o liquid-filled bladder, an
incressing uniform load shall be applied to the
entire window sssembly (glass and frame) until
failure occurs in either the glass or frame.
Failure shall be defined as either breaking of
glass or loss of frame resistance. The failure
load, t, shall be recorded to three significant
figures. The load should te applied at a rate
of 0.5 r per minute which corresponds to eop-
proximatéﬂy one minute of significant tensile
stress duration until failure. Table 1 presents
the static design resistance, r , for old tem-
pered glass correlated with a probabiiity of
failure, P(F), = 0.001 and a stress intensity
duration of 1 second. However, new glass will
be tested under a loading where the duration of
significant net tensile stress will be about
1 minute. The longer duration of loading will
weaken the glass through ceramic fatigue, while
the use of new glass will tend to induce failure
at a higher load capacity. In orde: to account
for these variations from design conditions, the
static load capacity of a glass pane for certi-
fication testing, rs, 1s calculated as:

r = 0.876r (4)
8 u

Acceptance Criteria

The window assembly (frame and glazing) are
considered acceptable when the arithmetic mean
of all the samples tested, r, 1is such that:

r 2 r tsa (5)

i)

where: t, static load capacity of the glass

pane for certification testing

sample standard deviation

@
L]

acceptance coefficient
For n test samples, t is defined as:

T (6)
- i

n
r o= ¥
where t. is the recorded failure loisd of the ith

test sabple. The standard zample deviation, s
is defined as:

n
(r. - t)2
izi *

AR S CR) (7

The @inimum velue of the sample standard
deviation, a, permitted to be employed in Equa-
tion 5 is:

Snin = 0165 1, (8)

This assures a sample standard deviation no
better than ideal tempered glass in ideal
frames.

The acceptance coeffieient, a, is tabulated
in Table 3 for the number of samples, n, tested.

As an aid to the tester, the following
informational equation is presented to aid in
determining if additional test samples are
justified. If:

r 2 r +s88B %)

then with 90% confidence. the design will not
prove to be adequate with additional testing.
The rejection coefficient, B, is obtained from
Table 3.

Rebound Tests

The window that passes the window assembly
test 1s an acceptable design if the window
assembly design 1s symmetrical about the plane
of the glass or 1f the design blast load dura-
tion, T, exceeds 100 msec. Otherwise, the
window design must pass a rebound load test to
prove that the window assembly car develop the
necessary strengtn to res:ist faliute during the
rebound phase of regponse. The rebound tests
shall be conducted using a procedure similar to
the window assembly tests, except r- shall be
substituted for . in Equations &, 8 and 9 and
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Table 3, Statistical Acceptance and Rejection
Coefficients

Number of Window Acceptance Rejection

Assemblies Coefficient Coefficient
A o £
2 4.14 .546
3 3.0% .87
4 2.78 1.14
5 2.65 1.27
6 2.56 1.36
7 2.50 1.42
8 2.46 1.48
9 2.42 1.49
10 2.39 1.52
11 2.37 1.54
12 2.35 1.57
13 2.33 1.58
14 2.32 1.60
15 2.3 1.61
16 2.30 1.62
17 2.28 1.64
18 2.2 1.65
19 2.27 1.65
20 2.26 1.66
21 2.25 1.67
22 2.24 1.68
23 2.24 1.68
24 2.23 1.69
25 2.22 1.70
30 2.19 1.72
40 2.17 1.75
50 2.14 1.77

the uniform load shall be applied on the inside
surface of the window assembly. The loading
rate shall be 0.5 r, per minute.

Installetion Inspection

A survey of past glazing failures indicates
thst isproper installstion of setting blocks,
gaskets or lateral shims, or poor edge bite is a
signi “icant cause of failure because of the
res:>tant unconservative support conditions. In
order to prevent premature glass failure, a
strenuous quality control program is required.

264

Preliminary Validation

Presently, an adequate data base for the
evaluation and validation of blast resistant
window design criteria has yet to be developed.
In FY86, NCEL plans blast load validstion tests

on blast resistant windows. However, the pro-
posed blast resistant window design criteria
appear to be conservativc .chen compared to the

existing blast load test data on tempered glass
(Weissman, et al.).

The design criteria are compared to test
datas from explosive load tests of tempered glass
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in Table 4. As a statistically significant data
base does not exist, the data should only be
ugsed for orientation. With this perspective in
mind, no evidence of invalidation of the design
criteria is apparent. Significantly, some glass
failures in the tests are clearly induced by
premature frame failure.

The blast load capacity design criteria
assume that the glass has not been exposed to
more than one explosive load. Because each
large stress experience resulting from an explo-
sive load will expand the microscopic flaw
network or flaw web in the glass, the glass, in
a probabilistic sense, will be weaker after each
explosive episode. As most of the explosive
glass tests in Table 4 are repeated until fail-
ure, an unspecified reduction in the survivable
blast load is most likely exhibited by the test
results in Series II.

A partial analytical check is also made on
the presented design curves (Figures 2 to 21).
A comparison with an energy method solution for
extremely long-duration (but instantly applied)
blast loads is presented in Table 5. The NCEL
design load criteria presented in Table 5 are
based upon an effective blast load duration, T,
of 1,000 msec. At durations of this magnitude,
the ratio of blast duration, T, to the natural
period of vibration of the glass pane, Tn’ is
large enough to be considered infinite.

Table 5 also presents the static design

extremely significant to note that in glass
lites wherc membrane action is developed, the
blast .oad capacity of the lite is considerably
less than one-half the static load capacity of
the lite. In other words, in a glass lite with
a small thickness-to-short-side ratio, t/b, an
assumption of a wusually conservative dynamic
increase factor of two can be very unconserva-
tive. This is the case with all glass panes to
the right or below the stepped dividing line in
Table 1.

As orientation, the design center deflec-
tion, X , the effective linear stiffness, keff’
and the natural period, T , of each plate are
also reported. A technical Yiscussion of Table 5
is presented in the appendix.

SAMPLE PROBLEMS

The following examples demonstrate the
application of the design criteria in the design
and evaluation of windows to safely survive

blast overpressures from explosions.

Problem 1--Evaluation of Tempered Glass Panes

Given: A control room at a bomb practice
range has tempered glass windows meeting both
Federal Specification DD-G-1403B and the minimum
fragment requirement of ANSI Z97.1-1984. The

strength, T, of each of the panes. It is dimensions of the pane are: a = 48 inches,
Table 4. Measured and Predicted Dynamic Strength of
Windows Subjected to Dynamic Blast Loads
Window Blast NCEL.De§ign
Parameters Prediction
Comments
a c a/b t Glass B T B T

(GGin.) | Cin.) (in.) Type (psi) | (msec) | (psi) | (msec)

43.25 1 28.3754 1.52 1/4 tempered | 4.4 45 1.75 45 ARRADCOM dynamic test no. S, Series I.
Glass survived (Ref 2).

62.75 [ 67.00 1.34 1/4 tempered | 4.4 45 0.91 45 ARRADCOM dynamic test no. 5, Series I.
Glass survived.

62.75147.00 1.34 1/4 tempered | 4.4 45 0.91 45 ARRADCOM dynamic test no. 5, Series I.
Glass failed.

43.25 | 28.375 | 1.52 1/4 tempered | 4.4 45 1.75 45 ARRADCOM dynamic test no. 5, Series I.
Glass survived.

43.25 { 28.375( 1.52 3/8 tempered | 4.4 45 3.45 45 ARRADCOM dynamic test no. 5, Series I.
Glass survived.

62.75 | 47.00 1.34 1/4 tempered | 4.4 45 0.91 45 ARRADCOM dynamic test no. 5, Series I.
Glass survived,

62.75 | 47.00 1.34 3/8 tempered | 4.4 45 1.96 45 ARRADCOM dynamic test no. 5, Series I.
Glass survived,

43,25 | 28.3751 1.52 1/4 tempered | 1.0 48 1.7% A8 ARRADCOM test no, 1, Series 1. Tempered

' shass in aluminum frame survived,

L3.25 ) 20,975 1.2 1/4 tempered | 1,2 50 1.75 54 ‘ARRADCUH test no, 2, Series 1. Glass
Patlure ocenrved due to frame distortion.

AN VISR AS Y /4 Lempered | 2.9 n0 1.7 0 ARRADCOM test no, 3, Series 1. Glass
survived in strengthened {eame.

G325 Lz i 12 174 tempered | 3,1 H0 1715 " ARRADUIM test no. &, Series 1T, Glass

Lm | tails due to trame distortion,




Table 5. Comparison of Blast Load Cepacity of Tempered Glass Panes by
NCEL Design Criteria Loads and Independent Energy Methods

Predicted
Paoe Size | o0 | Tlead | Design | comver | Eefective | RO

Criteria (Enef;y Strength, | Deflection, X '| Period,

A e | gy R AL B T8
(pf1)
-—

54136 1/4 1.02 0.987 2.87 1.1% 1.71 28.9
54 1 36 3/8 2.64 2.60 € nn 1.09 4.74 22.1
54136 1/2 3.3« Iin 7. 1 0.80 8.26 19.3
54 | 36 3/4 6.84 6.82 13.6 i 0.53 25.5 13.6
54 | 36 1 12.4 12.4 4.8 0.40 62.5 10.1
54 136 [1-1/2 27.4 27.4 54.7 9.27 20.% 6.77
36 | 36 1/4 1.43 1.39 4.04 0.91 3.06 20.3
36 | 36 1/2 5.43 5.42 12.8 0.70 15.6 13.2
36 | 36 1 20.9 20.8 41.6 0.37 114 7.02
27 [ 18 { 3/8 6.66 6.65 13.4 0.27 49.2 6.86
27 |18 3/4 27.3 27.3 54.6 0.13 408 3.39
18 | 12 1/4 5.70 5.70 11.9 0.19 58.9 4.92
18 | 12 1 112 112 223 0.04 5,065 1.1
60 | 30 1/2 3.36 3.34 6.86 0.37 11.8 17.00
60 | 30 1 14.2 14.2 28.4 0.28 103 8.28

b = 48 inches, and t = 1/2 inch. No blast load
will exceed 50 msec.

Find: Maximum blast load capacity of the
windows.

Solution: Step 1: Tabulate the design
parsmeters needed to enter Figures 2 to 21.

a/b 48/48 = 1.00
b = 48 in.
t = 1/2 in. (nominal)
T = 50 wsec
Step 2: Enter the bottom design graph on
Figure 3 and find that the design blaslL pressure
is:

B = 3.85 psi
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Problem 2--Design of Tespered Glass Panes

Given: A nonoperable window having a
single psne of glass. Glazing: heat-treated
tempered glass meeting Federal Specification
DD-G-1403B snd the minjmum fragment requirements
ANSI 297.1-1984. Dimensions of psne: & = 54 in.,
b = 36 in. Blast loading: B = 4.5 psi, T = 500
msec.

Find: Minimum thickness of glazing required
for a probability of failure less thsn 0.001.

Solution: Step 1: Tabulate the desgign
parameters needed to enter Figures 2 to 21.

a/b = 54/36 = 1.50
b = 36 in.
B = 4.5 psi
T = 500 msec
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Step 2: Enter Figures 2 to 21 with the
design parsweters from Step ) and find the
oinimum glazing thickness.

The top graph of Figure 12 applies for the
given design parameters. Enter Figure 12 and
find the minimum glazing thickness required for
B=4.5 psi and T = 500 msec is:

t = 5/8 in. ANS

Problem 3--Design Loads for Winidnw Frame

Given: A nonoperable windov' has a single
pane of glass. Glazing: heat-treated tempered
glass meeting Federal Specification DD-G-1403B
and ANSI Z97.1-1984. Dimensions of the pane:
a = 37.5 in., b = 30 in. Frame width: w = 2 in.
Blast loading: B =12 psi, T = 1,000 msec.

Find: Thickness of glazing required for a
probability of failure equal to or less than
0.001 and design loading for window frame.

Solution: Step 1: Tabulate the design
parameters needed to enter Figures 2 to 2].

a/b = 37.5/30 = 1.25
b = 30 in.
B = 12 psa
T = 1,000 msec

Step 2: Select the minimum glazing thick-
ness.

Enter the lower graph of Figure 8, which
applies for the given design parameters. The
minimum glazing thickness required is:

t = 3/4 in. nominal ANS

Step 3: Calculate the static wultimate
uniform load that produces the same maximum
frame load as the blast load.

Enter Table 1 for tempered glass with a
pane size of 37.5 by 30 in., a/b = 1.25 and
t = 3/4 in., and find the static uniform design
load capacity ot the glazing is:

r, = 24.6 psi

Thus, the window frame wmust be designed to
safely support, without undue deflection, a
static uniform load equal to 24.6 psi applied
normal to both the glazing and exposed frame
members.

Step 4: Calculate the design loading for
the window frame.

Enter Table 2 with a/b = 1.25, and find by
interpolation the design coefficients for the
frame loading are:
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. ¥, ‘
CR = 0.077
C_ = 0.545
x
C. = 0.543
y

From Equation 3, the concentrated load in each
corner of the pane is:

R (corners) = -0.077 (24.6)(37.5)%

2,660 1b ANS

From Equation 1, the design loading for the
frame in the long direction (a) is:

V, = 0.545 (24.6)(30) sin (nx/31.5)
+ 24.6(2)
V. = 402 sin (nx/37.5) + 49.2 1b/in. ANS

From Equation 2, the design loading for the
frame in the short direction (b) is:

V, = 0.543 (26.6)(30) sin (ny/31.5)
+ 26.6(2)
V, = 400 sin (my/40) + 49.2 1b/in.  ANS

Distribution of the design load of the pane on
the frame is shown in Figure 22.

Problem 4--Design Loads for Multi-pane Frame

Given: A nonoperable window consists of
four equal size panes of glass. Glazing:
heat-treated tempered glass meeting Federal
Specification DD-G-1403B and the minioum size
fragment requirements of ANSI 297.1-1984.
Dimensions of the panes: a=22.5in., b=
18 in. The exposed frame width is 3 in. Blast
loading: B = 14 psi, T = 50 msec.

Find: Minimum thickness of glazing required
for a probability of failures equal to or less
than 0.001 and the design loads for the framing
system.

Solution: Step 1: Tabulate the design
parameters needed to enter Figures 2 to 2].

a/b = 22.5/18 = 1.25
b = 18 1n.
B = 14 psa
T = 50 msec

T .
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Step 2: Select the minimum glazing thick-
ness.

Enter the bottom graph on Figure 7, which
applies for the given design parameters. The
minimum glazing thickness required is:

t = 1/2 in. nominal ANS

Step 3: Calculate the static ultimate
uniform load that produces the same maximum
reactions on the window frame as the blast load.

Encter Table 1 with b = 18 in.,a/b = 1.25
and t = 3/16 in., and find the static design
uniform load capacity of the glazing is:

L 29.1 psi

The window frame must be designed to safely
support, without undue deflections, a static
uniform load equal to 29.1 psi applied perpen-
dicular to the glazing and to the exposed sur-
face of the frame members.

Step 4: Calculate the design loading for
the window frame.

Enter Table 2 with a/b = 1.25. With inter-
polation, the design coefficients for the frame
loading are:

CR = 0.077

Cx = 0.545
C = 0.543
y

From Equation 3, the concentrated loads in the
corners of each pane are:

R (corners) = -0.077 (29.1)(18)?

=726 1b ANS

From Equation 1, the design loading for the long
spans of the frame and mullions are:

Vx = 0.545 (29.1)(18) sin (nx/22.5)

+.29.1(3)
= 285 sin (nMx/22.5) + 87.3 1b/in. ANS
From Equation 2, the design loading for the
short spans of the frame and mullions are:

Vy = 0.563 (29.1)(18B) sin (ny/18)

284 sin (ny/18) + 87.3 1b/in. ANS

The design loads for the window frame are shown
in the following figure and table and are illus-
trated below.

Problem 5--Design Acceptance Based upon Certifi-
cation Test Results

Given: A window 54 x 36 x 3/8~inch with a
single pane of tempered glass is designed to
safely resist a blast load, B, of 2.7 ps: with
an effective blast duration, T, of 200 msec.
Certification testing involved testing three
window sssemblies (n = 3) to failure. Failure
loads, r., were recorded at 14.0, 17.0, and
13.7 psi.

Find: Determine if the window design is
acceptable based on results from the certifica-
tion tests.

Solution: Step 1: Tabulate the design
parameters necded to enter Table 1:

b = 36 in.
a/b = 54/36 = 1.50
t = 3/8 in. nominal

Step 2: Employing Table 1, select the
static design load, T corresponding to the
glass pane geometry.

r, = 6.90 psi

Calculate the static load capacity of the
tempered glass for certification from Equa-
tion &:

r = 0.876 r = 6.04 psi
8 u

Step 3: Calculate the arithmetic mean, r,
of all the samples tested.
Using Equation 6:

>

'
f
"

—

n

(14.0 + 172.0 + 13.7)
3

= 14.9 psa

Step 4: Using Equation 7, calculate the
sample standard deviation, s.

The sample standard deviation, s, 1s calcu-
lated using Equation 6 as,

- —
_‘7(11..0-14.9)2 s (17.0-16.9)% + (13.7-14.9)%
- (3~1)

= 1.82 psi
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Step 5: Verify that the sample standard
deviation, s, is larger than the minimum value,
Spin’ prescribed in Equation 8.

s = 1.82psi >s .

min
= 0.145 r
8
= 0.145 (6.04)

= 0.876 psi

Thus, s = 1.82 pai is the appropriate value to
use in subsequent calculations.

Step 6: Using Table 3, select the accep-
tance coefficient, a, that correlates with the
three samples tested.

Entering Table 3, with n = 3, find:

a = 3.05

Step 7: Verify that the window and frame
passed the certification tests by meeting the
conditions of Equation 5:

r

14.9 ps1 ¢ r, + 80

6.04 + 1.82 (3.05)

11.6 psi

Thecefore, the window assembly design is
considered safe for the prescribed blast load-
ing.

Problem 6--Design Rejection Based upon Certifi-
cation Test Results

Given: A window 30 x 30 x 1/4 inch with a
single pane of tempered glass is designed to
safely resist a blast load, B, of 4.0 psi with
an effective blast duration, T, of 200 msec.
Certification testing involved testing three
window assemblies (n = 3) to failure. Failure
loads, ;i' were 6.39, 7.49, and 8.47 psi.

Find: Determine if the window design is
acceptable based upon results from the certifi-
cation tests.

Solution: Step 1: Tabulate the
parameters needed to enter Table 1.

design

b = 30 in.
a/b = 30/30 = 1.00
t = 1/4 in.
Step 2: Employing Table 1 select the

static design load, Ty corresponding to the
pane geometry.

TG 5.53 psa
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The static load capacity of tempered glass
for certification testing, L is calculated
according to Equation 4 as:

r. = 0.876r = 4.84 psi
s u
Step 3: Calculate the arithmetic mean, T,

of all the ssmples tested:

o
> ¢,

- i=

—

n

(6.39 + 7.49 + 8.47)
3

7.45 psi

Step 4: Employing Equation 7, calculate
the sample standard deviation, s.

The sample standard deviation, s, is calcu-
lated as:

8 =
- V(6.39-7.145)
G-1y
= 1.04 psi
Step 5: Verify that the ssmple deviastion,
s, is larger than the wainimum value, s ,

prescribed in Equation 8. ®min

s = 1.04psi>s .
min

= 0.145 r
E ]

= 0.145 (4.84)

= 0.702 psi

Thus, s = 1.04 psi is the appropriate value
to use in subsequent calculations.

Step 6: Using Table 3, select the asccep-
tance coefficient, o, and the rejection coeffi-

cient, B, for n = 3. Entering Table 3 with
o= 3, find,

a=3.05

B =0.871

Step /: Verity 1t the window and frame

passed the certification tests by meeting the
conditions of Equation §:
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7.45 psi < r, +s 0

]

4.84 + 1.04 (3.05)

"

8.01 psi

Therefore, the window assembly design does not
satisfy Equation 4 and is considered unsafe for
the prescribed design blast loading.
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L1ST OF SYMBOLS

a Long dimension of glass pane, 1n.

B Peak blast overpressure, psi

b Short d:mension of glass pane, in.

Be Peak blast overpressure predicted by

an energy method, psa
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Shear coefficient for load passed from
glass pane to its support frame

Modulus of rigidity of glass pane,
in.-1b

Modulus of elasticity, psi
Design stress and allowable principal
tensile stress in glass pane for pre-

scribed P(F), psi

Yield stress of frame members and
fasteners, psi

Moment of inertia of window frame,
e
in.

Effective linear stiffness, psi/in.
Number of window assemblies tested
Effective mass (lb-mszlin.)

Blast overpressure at any time, psi
Probability of failure of glass pane

Uplifting nodal force applied by glass
pane to corners of frame, 1lb

Resistance, psi

Test load at failure of frame or glass
during certification tests, psi

Mean failure load of n samples, psi
Effective resistance, psi

Static load capacity of tempered glass
for certification testing, psi

Design static load capacity of the
Rlass pane, psi

Uniform static negative load capacity
of the window assembly, psi

Sample standard deviation, psi
Effective duration of blast load, msec

Nominal thickness of glass pane, in.;
elapsed time, msec

Natural period of vibration of the
glass pane, msec

Strain energy in pane, psi-in.

Strain energy under resistance func-
tieh, psi-ia.

Static load applied by glass parne to
long edge of frame, lb/in.

Static load applied by glass pane to
short edge of frame, lb/in.
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w Width of exposed surface of window
frame, in.
X Distance from corner measured along

long edge of glass pane, in.

X Center deflection of pane, in.
Xu Center deflection of pane at L in.
o Acceptance coefficient
B Rejection coefficient
v Poisson's ratio
Appendix

ENERGY METHOD CALCULATIONS

The strain energy capacity of the plate, U,
will be equal to the capacity blast load, B,
times its center design displacement, X , timés
the deflection shape function g (x,y): v

a b
U = Be . Xu -/-'/-g (x,y) d A (A-1)
o o

The strain energy in the pane will equal
the area under the resistance function (based on
center deflection) times the deflected shape
function, g (X,y) of the pane:

X a b

u
U=frdx°//g(x.y)dA (A-2)

4] o 0

It is conservative to neglect the small contri-
bution or the inertial energy of the plate's
motion. Fortunately, the integral of the shape
functions in Equation A-2 cancels out. Simplify-
ing Equations A-1 and A-Z yieldc Equation A-3:

B = -— (A-3)

The integral is calculated by numerically
integrating the resistance function (uniform
load-center deflection) of each of the glass
panes by the trapezoidal methsd {15 scgments).
The validity of the assumed resistance functicns
have been confirmed by static load tests on
tempered glass by NCEL.

The effective stiffness, kef , ¢can Dbe
visualized as the slope of an eqnnva%ent resis-
tance function, which contains the strain energy
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storage capacity as the actual resistance func-
tion. For high thickness-to-short-side glass
pane ratios, where no membrane action is
present, the effective stiffness will be the
actual stiffness.

The effective stiffness, keff‘ can be
defined as:
r
- eff .
Kegg © X (A~4)
u
where r is the load that keff would manifest

at dispfafgement X .

However, the strain energy, U_, under the
linear resistance function for & statically
spplied load is:

v = 1/2 Logs X, (A-5)

This is already calculated as the integral in
Equation A-3.

Manipulating A-3 and substituting into
Equations A-5 and A-4 yields:

keff = 2 Be/xu (A-6)

The natural period of the pane can ihen be
defined as:

Tn = 2""me/keff (A-7)

The effective mass of the plate, m_, is
defined s8s the glass lites mass multipliecfby a
load mass factor, k For a simply supported
plate, the load masg factor is calculated as:

kLH = 0.63 + 0.16 (aspect ratio -1) (A-8)
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SHOCK TESTING AND ANALYSIS

P Wy

SHOCK RECONSTRUCTION FROM THE SHOCK SPECTRUM

Charles T, Morrow
Consultant
Encymtas, California
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Earher papers by the author have disclosed an algorithm for rapid computati-
on of the yndamped residual shock spectrum, with phase as well as magmtude
information, and have showed that the phase nformation can, by differentia-
tion with respect to angular frequency, be converted to a simple function of
frequency, designated the Apparent Starting Time. Since such a spectrum is
simply related to the Fourter transform (Fourier spectrum), reconstructing the

G
!

gD

2

-
shock time history from it should be possible, at least n principle. Y
N
-" A
Ideed, the derivation for this reconstruction would be trivial, except that, to :"«.'

provide the same fractional resolulion 1n each frequency derade; a logarithmic
frequency scale, with frequency 1ncrements proportional to frequency, was
chosen for the computation of the residual spectrum. Many of these :ncre-
ments are much larger than those cf a Fourier seres approximation or Dis~
crete Fourter Transform (OFT) cover'ng the same frequency range. Therefore

N

i

[ ]
a new approximating summation must be obtained from the intergal Fourier \';.‘
transform as a summation of integrals over the successive frequancy incre- =
ments. The integrands must be expressed in terms of something that changes t}

less rapidly with frequency than the phase angle -- expressad for example n
termrs of the Apparent Starting Time of the undamped residual shock spectrum,

. - AN

Shocks that exhibit nulls in the magnitude of their undamped residus) spec-
trum at certa:n frequencies, and consequent phase reversals at these fre-
quencies, can not be reconstructed by this algorithm as it now stands. For
example, the wave reconstructed from the spectrum of a square wave shows no
resemblance to (he original. On the other hand, reconstruction of a terminal-
peak sawtooth is as accurate as one can expect with a 2000 H2z upper frequen-
cy limit on the spectrum. Shocks to which equipment in use 1s subject, and de-
gsirable test shocks, can be reconstructed.

I RN
‘l.l.'

.
[ B

r
Whereas the usual reconstruction from the OFT, carried out for an extended :\
time, yields a shock that rereats at a period equa’ to the duration of the or- .-:
gnal time history, a shock reconstructed from the undampad residual shock ~
spectrum with a logarithmic frequency scale shows no such periodicity. This n -~
principle symplifies the wnverse transform method of censtruction of respons- v

es of a mechamcal system, which may persist long after shock termination.
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INTRODUCTION
SHOCK SPECTRUM papers (1-3] by the author have "
disclosed an algorithm for digital computation of me- .
~hanica! responses to shocl and d'gital comgutation ~
ot undamped residual shocl: spectra. The Indirect Fou- .2
rier Transtorm (JFT) algorithm 1s based on the obser- ‘a
vatwon that any shocl. time history can be approxima- :.‘
ted by a series of straight hnes connecting syfficr- -
ently closely spacea pents on the curve, as sShown n 5
L
Figure ). Thig 15 equivalent to expressing the shock i
raw data as a series of discontinuities of accelerati- r
on slope, or acceleration, or both. Consequently, if the .
= response of any hinear mechanical system to a ramp of R
unit slope change and to a umt step functwon are Frgure 1, Straight-Line Approximations B
K R
-
273 ’,




known, the response of that system to any shock can
be computed.

The response of an undamped simple mechanica)
resonator, for any instant between tk and ‘ko\ can be
approxmated by

a)y=C +Ct+C coslrft
r o t c
+ Cssm21ft ' a)

ift and t ., are so close that the curve between
[ +1
them is nearly straight, or by

arm =Lt Ct"_tk) + cccos.?vf(t-tl)
. - - (2)
cssm..tf(t 'k)‘ 2

where t 15 the time n seconds, f 15 the frequency mn
Hz, and both equaticons contawn tour arbitrary con-
stants.

Equation (2), especrally when used with constant
time ncrements, leads to the s mpler response compu-
tation. For time t(, the previous solution 1§ given a
time shift to express it n terms of t-t, nstead of
t-t . and the resporse resulting from any disconty-
nmty’of slope or acceleration at t s added n, to
yield a new approximating solution n the form of
Equation (1} with new values for the arbitrary con-
stants ., ¢,. ¢ and C_. The response 1s then evalu-

U "¢ s

ated fov‘{=t'7
arltl)=c0 *CC| 3
and the algcrithm moves on to t=t . The primary
operations are mutiphcaticns and aé‘J\Lons similar to
those of the FFT algorithm -- no brute force evaluati-
on of trigonometric functions 1s necessary except at
the begining before response computation s undor
way. Computation s pertormed only for the frequen-
cies of the resonances of the mechanical system -- in
this case only one.

Equation {1), hcwever, leads more directly to a
unque spectrom, The freqiencies are not constrained
to be w a harmomic reiationship as n the FFT algo-
rithm. Therefore, a logarithmic dstribution of fre-
quencies has been chosen, to provide constant fracti-
onal rescolution 0 each frequency decade -- 301 fre-
quencies n tetal for the three decades from 2 to 2000
Hz. Of the fcur arbitrary constants, it 1s necessary
only to compute success've values for C_ and C_. No
instantaneous response evaluations are neces!ary.
The fina) values or C_and C_, after all shock data
nputs, yield an undzﬁnped résidual shoci spectrum
with 3@ magmtude R(1), given by the square root of the
cum 0f the squares, since

~
.

c Rif)cos# , and 4

CS = R(fjsin@ . (5

and an wnherent chace angle gwen by
s=tan'c ic . ®)
s ¢

Like the phase angle of the Four:er transform, # 1s
a rap1dly changing function of frequercy. However, the

Apparent Starting Time of the residual response, ob-
tained by the derivative

AST = T‘ = df/dw o
whare
w=2et 8

is the angular frequency n radwans per sSecond, 's a
plottadblie, well behaved functior. This s a we.ghted
starting time. If anergy s imparted to the simple sys-
tem by the shock primarily at one specific time, the
AST will be approximately equal te that time. If the
energy 13 1mparted primarily at two different instants,
the AST will be n the middle.

While ¥ and the AST are best undarstood \n terms
of Equation (1), 1t 15 possible to use Equation (2%
agan without response computations, and nake cor-
rections to the final constants. Applying Equation (4)
to ¢ and c_ of Equatio.. (2) would Yield an AST meas-
uroac!rom s'sock terminution rather than from the be-
gwnning of the shock, For proper results, the shock
duraton must be added to this, or else a time shift
must be 'mparted to Equaty 2 (2) to convert 1ts coef-
ficrents to C_ and C_ of Equation (1), betore any phase
angles or uﬁah’onsﬁ\'ps to the Fourier transform are
explored.

Total computation time for this form of the algo-
rithm or its inverse, with soffigciently refined soft-
ware, would ba crudely comparable to that of the FFT
algorithm or its inverse. The IFT algorithm uses fewer
frequencies and doeg not require any computations for
zeros atfter shcck termination, The FFT algorithm util-
1zes redundancy in its computation matrix and to elim-
nate many of the matrix elaments from separate com-
putation., For construction of responses from shock
data n the tyme doman, both types of algorithm are
slow compared to the extended IFT algorithm.

RELATION TO THE FOURIER TRANSFORM

A relat'-nship between the undamped residual
shock spectrym and the Fourer transform was first
pubhished 1n 1951 £4), The derwation to tollow express-
es 1t 1 surtable form for present use.

The complex exponential Fouryar transtorm of a
time function a(t) 1s gwven by

-)2vts

F(t) = Emma(s)e ds

S_Za(s)Ccos?.tfs - )sin2¥fs3ds

= F f) + )F 1)

( (
real mag

s F (f)-JF _(f), 9)
c T8

where the real part 1s equal to the cosine transform

-]
= S_ma(s)coshfsds ) ag

and the 'maginary part 15 the negative of the sine
transorm

o
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The first {1) of the three previous rapers over-
looked the minus s1gn 1n Equation (11)y which requires
a reversal of the sign in the numerical nrintout of the
the second (2] parer, but nothing else is affected. In
particular, the relationship between the final values
of the last coefficients of Equation (1) and the rem)
and imagwiary parts of the exponential transform ()
1s st given by

F =

£ eal CS/ZH (12}
and

Fm“ = Cc/z" . N3

Azcordingly, since alt) can be reconstructed from
the Fourier transform, it can also be reconstructed in
principle from the various values of the two coetf-
ficients, versus frequency, that yield the undamped
residual shoct spectrum.

INVERSE TRANSFORMATION

1f the frequencies for the new algorithm for un-
damped resiwdual shock spectrum computation had been
chosen 1n 3 harmonic rather than a logarithmic relati-
onship, reconstructing a(t) from the shock spectrum
«culd be quite straightforward and trivial, It would be
necessary only to construct a discrete Fourter trans-
form (DFT) by means of applhication of Equations (12)
and (13 to successive frequencies and then compute
the inverse of the OF T, The OF T 1s, after all, merely a
succession of Fourier series coefficients multiphed
through by a constant factor proportionai to the fun-
damet.tal “requency. Its invarse could be taken confi-
dently whether or not the Fourier transform had been
devised. However, the undamped residual spectrum
crmputed fcr frequencies n a logarithmic relation-
shp, wilh fimite spacings dees not ‘ead directly 1o an
wrvertable logarithmc version of the OF T -- the phase
argle cnanges too rapidly at the higher freguencies. It
15 necessary to ezamine carefully the theoretical an-
-erswon of the Fourier transform and to devise new
t=rms that are ntegrals cver frequency ncrements.
From the Fou-ier wntegral theorem

aity = §.° F(f)e’z'“df
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The logic cr this progression of expressions 1s as
foll~ws. The first expressior contains the simplest
possible statemert of the inversion ot the complex
exponential Fourier transform, In the secnnd expres-
stwon, the transform 1s split nto real and mmaginary
parts. In the third expression, the exponential 1s sphit
wnto real and 1maginary parts and the resulting real
and 1maginary terms are separated. From Equations ()
and (3), the 'magwnary terms both contan a product ot
#n odd function of f and an even function of f, which
nust integrate to 2ero. This leads to the fifth and
fina) expression, which is vahd pr -wing that nte-
gration through 2ero does not encounter an infimte
value. In that event, exclusion of a short frequency
interval about zero frequency may still permit an wn-
verswon that is useful in practice.

In the present paper, integration 1s restricted to
the range from 2 to 2000 Hz, the range most commonly
used n snock and vibration testing, with the loga-
rithmic frequencies of the IFT algorithm €23, since a
spectrum must ve obtained by that algorithm before
reconstriiction can be accomphshed. By making some
assumptions about the behaviour of the magnitude of
the undamped residual and the behaviour of the AST,
it should be possible to extend tte ntegration to low-
er freguencies. However, the only effect of this would
be to introduce snme response components at periods
longer than 1/2 second, with a very miwnor oractica’
effect except with shock's or resronses lasting of the
order of 0.1 second or more.

V2

The next step 1s to derive an appro> mate erkrec-
swon for an integral of the form of Equatwon 114) over
2 sngle frequenzy ncremeant

M=t -t as

by expressing the integrand n terms of variables that
vary only very slowly over the frequency 'nCrement.
The obvious problem variabie, #, 1s apeproximated cver
the frequency increment by a lnear eguation

# =21 - f1-1)ts + 51_1 f e

derwed from Equatwon ‘7) and equivalent to a reversal
of the method of computing the AST. f.ccordirgly, the
contribution to the integral bty the fresuency ncre-
ment Af1 1s given, through use =1 Equaticns (4% (3), (12}
and (13), by
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A‘.! = -'[R(fi)lifi]

1
X S' sinC2ett-t Je2ef, .t -#,_ Jdt

i=1
= CR(f.)/ZtZV (t=t )]
i s

X col(Zﬁ‘('-t‘)-l‘_‘¢2ﬁ‘-]t‘l

- cosC2et,_jut-ty-m ye2etit ) ae)

The final expression of Equation (18) s the dif-
ference of two very similar formulas -~ by itgself with-
out numerical testing in a computer program, it offers
no obvious hint of how well it can perform, Notice,
however, that it yields no adbsolute reconstructad val-
ue -- only, when properly summed over frequency, the
differance between the reconstructed value for one
instant and that for the next instant., In numerical
implementation of the algorithm, the reconstructed
value 15 set to zero, or to the conssant acceleration
prior to shock initiation, for the last instant prior to
the first instant to be computed. Then Equation (18) is
evaluated, brute force, for the naxt instant and for
all frequencies, summed, and added to the wxisting
reconstructed value to obtan the nes.t value. Compu-
tatwons for later instants, instead of complete re-
evaluation of the expressions for all frequencies,
meraly involve shifting the angles in the arguments of
the cosine functions by 2¢f At and 27¢ 14t where 4t
15 a constant time ncrement betwedn instants for
response computation, This s done by the formula for
the cosine of the sum of two angles and involves for
each _ucceessive instant only a simple multiply-add-
on opera*ion per frequency, similar to those of the
IFT and “FT algorithms, once the nitial cosines and
snes of all 2'1“(1-! } and the cosines and sines of all
Zlf1A! have been co#.puud.

The last expression of Equation (18) would not be
vahd as written and would result in a "division by ze-
ro" error message for t=t_ aexactly, if for any fre-
quency this should happen aunng the sequence of time
values, since the denominator would be 2ero. However,

since

Lm Losmx/x =1, a9
and
cosx-cosy = 2enlOx+y)/2]einl(x-y)/2] (20

Equation (18) can be converted to a product
. 2 -
Aa‘.(t) ] CR(fi)/' f1(t-ts)nnuu1(t-ts)3

X sm[t(fP]0f1(t-tsi—l”21fi_1tsJ 21

that approaches 3 hmit

Lm  Aa (t) = - LR - (2

bat \ f1)/111]s1n(21f‘_]!s 51_1), i22)
s

whichBs apphied at most once per frequency instead of

Equation (17), since t=t 1s very unhkely and occurs at
most once per frequency,
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Accordingly, the fina) result s not a Fourver se-
res summation but a summation over frequency, frgm 2
to 2000 Hz, of terms given by Equation (18), with Equa-
tirn (22) as a one-time backup for any frequency 1r
wh."h it ever happens that tst ., Otherwise, n pro-
cee ‘ng from one response nstant te the ne:t, each
te! : recewes multply-add-on operations and a new
summation of terms 1s obtained and added to the pre-
viOous response value.

The value of # for the lowest frequency s obtained
directly from the cosine and sine components of the
undamped residual spectrum, usiny Equation (4). The
remaining values are obtained from successive values
of the AST, using Equation (%),

Equation (21), with Equation (22) as a backup,
could be used instead of Equation (18}, In fact, this
wgs the first way the algorithm was tested. However,
1t 15 slower than Equation (18), especially on the first
brute force evaluatiwon, and it requires more memory.

NUMERICAL RESULTS

An IFT program in BASIC was stripped of routines
unncessary for the expariment, and the above recon-
struct algorithm was implemented in the memory made
advailable. Thie made t possible to obtain the un-
damped residual spectrum, with both cosine and sine
factors in a memory matrix, from constant time wncre-
ment shock nput data, and then reconstruct the shocl-
numerically by the present algorithm.

A constant time increment of 1/2 milhisecond was
chosen for data inputs for a 10 miilisecond 100g ter-
minal-peak sawtooth. To verify the spectral charac-
teristics and store them 1n memory, the residual mag-
nitude and the apparent starting time were plotted in
succession on the videc screen., Then the reconstruct
routine was apphed. The reconstructed value was set
to zero for t=-1/2 millisecend. The results, 1n accor-
dance with Equation (20), are plotted in Fiqure 2.

{

19 "”II'-).',”,".'."L‘

Figure 2. Terminal-Peal Sawtosth Reconstructed

The reconstruction 15 as close tc the cri311s] 35
one can e:pect witt only a frec.ency rarge trom 2 tc

]

i

A

{F
A

N
YK

o Rt v 2l |
J £ A
: 1}; o AL

D A
p P
oSN

R

%

AT

N W
'
- I |

RN

AR

Ty
" v

“.";H: PN .'J‘
P AAANL

‘s

LS

E N Tad
'l _"_ (.’

»
.

,e:”

-




2000 Hz. Higher frequancies would parmit a sharper
initial band and a sharper terminal peak. However, the
reconstructed value for 10 milliseconds is close to the
midpoint of tha acceleration discontinuity, as it
should be. Another run, in accordance with Equation
(18), was about 29 higher, with glightly better accura~
cy -- this difference was negligible, but Equation (18)
is preferable for memory utilization and computatiion
time.

A OFT or Fourier series with lowest frequency 2
Hz would be expected to produce a pulse, shaped with
comparable accuracy, but recurring every half se-
cond. Another run with the algorithm, utilizing Equati-
on (18), with 1 millisecond time increments, was made
out past one second. The reconstruct numbers waved
about very slowly of the order of 1 or 2g, but there
was not a hint of a repetition of the sawtooth pulse,

On the other hand, an attempt to reconstruct a 10
millisecond 1009 square wave Yielded an irregular
wave bearing no resemblance to the original. The rea-
son for this is that Equation (14) is not valid through-
out a frequency increment that contains a null in R(f),
which is always accumpanied by a 180° reversal of #.
The computation of the AST by the IFT algorithm re-
quirec a 180 ce:rrection when this accurs -~ the one
thing thus left out of ti¢ computation of R and T_ is
the listing of any fregi.eacies at which a null occirs.
Of course, the recons:ruct algorithm could he made
more elaborate, to include a means for estimating the
null frequencies and reinserting the phase discontinu-
ities. This would hardly be worthwhile, since the nulls
ordinarily occur only for symmetrical pulses such as
the square wave and half sine wave, These pulses do
not occur in the actual environment to be simulated in
testy and, because of the nulls, are undesirable test
shocks.

CONCLUSION

A shock time history can be reconstructed from
the undamped residual shock spectrumy with logarithm~
ic frequencies, as obtained through the Indirect Fou-
rier Transform algorithm, provided that the Apparent
Time has been computed and that the speciral magni-
tude R(f) contains no absolute null at arfy frequency.
Under the same circumstances, the undamped residual
shock spectrum, like the Fourier transform or DFT,
can be accepted as a complete description of the
shocky containing in the frequency domain a1l the in-
formation that existed in the time domain,

In an effort begun before the work reported here
and still continuing, the programs of the first three
papers [1-3] have successfully been combined into a
single program, simplified, compressed into smaller
memory, made easjer to use, and executed without
need for deletion of any parts not in immediate use.
Several ways have been identified to make the repeat-
ed operations of the spectral analysis run faster, so
as to make the program compare more favorably with
those of dedicated computers. In time, more hardware
simulations will be provideds; and some novel ways of
inputting shock data will be added. One intent is to
soll a version of the composite program as a supple-
mant to a complete rewrite of the author's bool: un
shocl and vibration engineering, togethar with any
addityonal programs that may be developed to provide

M

iNustrations for the text, The program improvised for
the present paper was adequate to demonstrate some
important principles, If it also shows promise of being
sufficiently useful in practice, a decision may be made
to refine it and make it available with the other pro-
grams.

The anonymous reviewers of the present paper
were both patient with the initial draft and conscien-
tious in the preparation of comments. All comments
have had an effect on the final manuscript and have
resulted in improvement,
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Discussion

Mr. Hanma (Synergistic Technology): How long

did the reconstruction take on your processor?

Mr, Morrow: 1 programmed this in BASIC. It is

{nterpretive BASIC. 1 made no attempt to speed
it up by compiling it or by using a machine
language subroutine. It took several minutes,
but 1t could be speeded up.




THE SHOCK RESPONSE SPECTRUM AT LOW FREQUENCIES

David 0. Smallwood
Sandia National Laboratories
Albuquerque, NM

correct acceleration

log-log plot.
spectrum and the

slope ol 12 dB/octave.

This paper shows that for small damping the
shock response
will roll off with a slope of 6 dB/octave on a
An undamped acceleration
shock spectrum based
relative displacement model will roll off with a

spectrum

shock
on a

Introduction

The slope of the shock spectrum at low

frequencies 1is typically evaluated by wusing a
well known relationship between the undamped
residual shock response spectrum and the

magnitude of the Fourier spectrum [1]. This has
led to the common belief that the shock response
of shocks with a low velocity change, 1like a
pyrotechnic shock, will have a low frequency
slope of 12 dB/octave. But anyone who has

examined these shocks has seen data which
violates this assumption. Several suggestions
have been offered to explain the slopes which

are different from 12 dB/octave including:

o The spectrum doesn’t really roll off at
12 dB/octave

o 2ero offsets cause the spectrum to roll off
at a slope different from 12 dB/octave

o Truncation errors cause the problem

o Incorrect algorithms are being used to
calculate the spectrum

Each this

paper.

of these suggestions are examined in

Models

pefore 1 can discuss the shock response
apectrum we must examine the single-degree-of-
freedom (SDOF) models which are used to evaluate
the shock rasponse gpectrum. A large number of
madels  are used, but they can be reduced to
varfations of Just two modely, which 1 will

dlaouss,
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Acceleration Model- The input to this model
is the absolute acceleration of the base of the
SDOF system. The response of the SDOF system is
the absolute acceleration of the mass. The

transfer function of this system in the complex
Laplace domain is given by
2 tw s + w2
n n

H_(s) = . 1)

52 + 2w s + w2
n n

The impulse response of this model is given by

ha(t) - wn(l- §2)'1/2exp(-§wnt)sin(wdt+¢) (2)
where
¢ = tan’t2r (-t HY% -2

¢ = the fraction of critical damping

w, = the natural frequency, (K/M)1/2
w, = the damped natural frequency, 2)1/2

a wn(l- ¢

This is the most commonly used model in the
aerospace Industry.

Relative Displacement Model- The input to
this model is the absolute acceleration of the
base of the SDOF system. The response of the
system is the relative displacement between the
base and tie mass. If the relative displacement

is expressed in terms of an equivalent statlc
acceleratjon,
. 2 3
Yoq = (V=30 | 3




the transfer function becomes
2
“n

H (8) o —— (4)

d

82+2(w S+w2
n n

The impulse response of this sys'em is given by

2.-1/2
hd(t) un(l- t7) exp(-(unt)sln(wdc). (5)
This model is commonly used in the Navy and the
seismic industry.

The Relationship Between the Fourier Spectrum
and Shock Response Spectrum

A well known relationship exist between the
undamped residual shock response spectrum and
the magnitude of the Fourier spectrum{2].

Sr(un) - wnlA(un)l 6)
where

S _ = undamped residual-.shock-response spectrum
w_ = natural frequency (rad/s)
A un) - magnitude of the Fourier Spectrum
of the acceleration input evaluated at
w
n

We will also use the relationship

a"f(v)

o (Jo)"F(w) M
ac”

where #e means a Fourler transform pair,

and
fi{t) e F(u).

We can now derjive the slope of the undamped
residual shock response spectrum. Note that both
models reduce to the same form for the undamped
case. The veloccity change, &v, of an input
acceleration 1is given by its Fourier spectrum
evaluated at zero frequency. The  Fourier
spectrum is continuous and smooth near the
origin. Therefore. for frequencies near zero
this gives

Sr(un) - A\'un, (8)

which 1is, a slope of 1 on a log-log plot or 6
dB/octave

If the velocity change is zero, but the
d{splacement change, &d, is nonzero, the Fourier
spectrum of the velocity for small frequencies
{s given by &d. The use of Eq (7) and then Eq
(6) vields

2
- w 9
Sr(un) nAd (9)
for frequencies near zero. This pgives the

spectrum a slope of 2 on a log-log plot or 12
dB/octave near zero frequency.

If the displacement change 1s also zero,
but 1{its integral is a nonzero value, & c, the
undamped residual shock spectrum near zZero
frequency is given by

3
Sr(wn) - UnA" (10)

This results in a slope of 3 or 18 dB/octave at
low frequencies.

Slope c¢ the Damped Shock
Spectrum at Low Frequencies

In this section I will {nvestigate the
correct slope for the damped shock response
spectrum at low frequencies. If the wvelocity
changa of the transient {s nonzero and the
velocity monotonically increases to its final
value, the transient can be represented bv an
impulse when the product of natural frequency of
the SDOF system and the sampling interval |is
much less than one. I can then represent the
waveform by the impulse

X({T) = AVE(L). (1)
Looking first at the acceleration model the
residual response i{s glven by

y(e) = avh (t). 12)
The oprimary response for an impulsive input is
zero. If I make the assumption that the damping

is small the maximum of the impulse response 1is
approximately

hmax(c) = “n (i3)
This gives
S(un) - Aan. (14)

which 1is the same result as Egq 8. The same
result is achieved for the relative displacement
model. Thus the common assunption, that the
residual response dominates the low frequency
respcnse and that the relationship between the
Fourier spectrum and the undamped residual shock
spectrum can be used to estimate that response,.
1s valid for this case. We get a slope of 1 or &
dB/octave at the low frequencies.

If the velccity  does not increase
monotonically to {ts final wvalue (i e. zero
crossings of the acceleration waveform exist)
this analysis is nmnot wvalid. We must now

represent the input waveform as a series of

impulses. To examine this problem I will first
consider the response of a darped SDOF swvsrtem 1o
an impulse when the time {s small. The impulse
response of the acceleration model can be
approximated for small walues of time and
damping by

h {(t) = w (wt + 2{).
a n n

*
A slope of 1 is not precisely 6 dBycot., but
this value will be used in this pagper.
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For the relative displacement model

2 (16)
hd(t) wnc.
which is the same as for the acceleration model
except the second term is zero. The acceleration
response for early times and small damping is

then given by

Y(e) = . an
y(t) Avwn(wnt + 27)
The response can be approximated by a straight
line for early times. Equation (17) can be
derived in a different way. If we assume that
the mass of the oscillator remains essentially
stationary with respect to the base, the force
on the mass is given by
F = Kx + CX (18)
where
2§wn - C/M
and where x 1is the base input displacement.
acceleration of the mass is then approximately
F(E) = (R/M) x(t) + (C/M) k(t)
or
Y(t) = wix(t) + 2 gwnx(:) (19)

If
%(t) = AvE(t)
then

x(t) = av and
X(t) = Av t.

These results give
y(t) = Avwnt + Av2(wn

which 1is the same as Eq (17). Equations (17)-
(19) show that the mass accelerations for early
times 1is dominated by two terms: a
force proportional to the base displacement and
a damping force proportional to the Dbase
velocity.

These cquations will now be used to write a
more general expression for the response to a
sequence of 1mpulses. These expressions will
then be used to estimate the primary response of
waveforms where the velocity does not increase
monotonically. Let the input be given by

L
7(t) =~ A (6 - 1ir) (20)
1t
where 6 in the unlt impulse functlon, and Ai 1
the veloeity change of each impulsive input,” 1F
the tatal pulse duration {s short compared to

the  periad of the SDOF system ( §.e. rwnL <<1)

stiffness -

The
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and the damping is small, the response of the
system can be approximated by a sum of responses
like Eq (17) «

L
y(t) = T Aiwn[wn(t- ir) + 2¢JU(t-ir) for t<L
i=1 (21)
where
U(t) = the unit step function.
This response 1s just a sequence of straight
lines whose slope changes at each impulsive
input. The maximum response will occur at one of
these changes in slope. The response at *he

impulsive input at time mr can be evaluated as

L
J(mr) = ?_?iwn[fn(m-i) T+ 2¢1U(m-1).

(22)

The primary response can be approximated by the
largest of this set of wvalues, ¥y (mr), for
some value of m between 1 and L. Thus for the
damped case the maximum response will be of the
form

. 2

ymax(mr) - Clwn + Czwn. (23)

. The undamped case will always be of the form

§o (@) = Gyl (24)
The relative displacement model will give a
maximum primary response of the form

yeq max(mf) = Chw: (25)
We can now see that the primary response

for the relative displacement model, and for the
undamped acceleration model will always have a
slope of 2 or 12 dB/octave at low frequencies.
If the slope of the residual response is greater
than 12 dB/octave the residual response must be
less than the primary response for a very low
frequency. The final slope of the shock response
spectrum will be 12 dB/cctave.

The damped acceleration model will have two
regions of interest. For the intermediate
frequencies where the first term of Eq (23)
dominates, the primary spectrum will have a
slope of 12 dB/octave. At the very low
frequencies where the second term of Eq (23)
dominates the slope will be 6 dB/octave. Thus
the primary response must be greater than or
equal to the residual response which rolls of
with a slope of at least 6 dB/octave. The
conclusion is that for small damping, the
maximax shock spectrum for the acceleration
model will will always have a 1low frequency
slope of 6 db/octave.

The usual assumption is that the residual
spectrum is larger than the primary spectrum at
low natural frequencles. We sce that this {s the
cage for single sided waveforms, but is not true
for double slded acceleration pulses,




Two examples will illustrate this important
result. For the first example, consider an
acceleration input as given by Figure 1. The
velocity and displacement waveforms for this
acceleration are shown in Figures 2 and 3.The
input can be approximated by three impulses

R(t) = §(t-0.001) - 25(t-0.023) + §(t-0.045)

(26)
il
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Figure 1 Base Input Acceleration, Basically
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The approximate response given for a time step
of 1 ms is glven by Eq (21) as

5010 %my ~ (10" w ({1073 (m-1) + 2¢]U(m-1)
-2 (10'3wn(m-23) + 20]U(m-23)

107 (mea) + 201U(m-45))
‘ (27)
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Figure 4 Acceleration Response of 1-Hz, 3%
Damped System to the Input of Figure 1.
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Figure 5 Acceleration Response of 1-Hz, 0.01%
Damped System to the Input of Figure 1.
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Figure 6 Acceleration Shock Response Spectrum of
the Input of Figure 1.

The acceleration response for a
frequency of 1 Hz and 3% damping 1s shown as
Figure 4, The iluset in Figure 4 s  ihe
acceleration expanded for the carly portion of
the perifod. The primary response is close to the
stralght 1lilne approximation predicted hy Eq
(21). Equatlon (19) predicts that the primary
response at low froquencles will be proportional
to the bose dlsplacement 1f the system {s

natural



- es s o,

undamped. Figure 5 shows tne response for a
damping of 0.0lv. A comparison of Figures 3 and
S confirms the above prediction. In both F.gures
4 and 5, the primary response is larger than the
residual vesponse.

The shock spectrum for this input is given
{n Figure 6. The shock spectrum at the low
frequencies can be predicted using Eq (27). For
example, the spactrum at 0.1 Hz can be estimated
by noting that the maximum response will oeccur
near t = 22 m3

*

Yy - 2n(.1)(10°

3
max )

(10732 M) (. 1)(21) + 2(.03))
(28)

. -5 2
Ymax = 4 % 10 7 in/s”,

which agrees with Figure 6.

A second example is given by the WAVSYN in
Figure 7. Tue WAVSYN pulse is defined by

x(t) = A sin(2 bt) sin(2 fr) for 0 < t <T (29)
-0 elsewhere

where

= the amplitude

= the frequency of the pulse

the frequency of a half sine window, f,N
= the pulse duration, N/(2f)

- an odd integer greater than 1.

Z O >
[}

In Figure 7, ‘A= 1g, N =139, and f = ] Hz. The
velocity and displacement .hanges tor this
waveform are zero. The above discussion shows
the residual spectrum should have a slope of 12
dB/octave, and the primary spectrum should have
a final slope of 6 cB/octave. Figure 8 is the
acceleration shock spectrum of this waveform. We
can see the reglon just below 1 Hz where the
residual responce is larger, the area at about
0.5 Hz where the response is dominated by the
primary response damping forces, and at the very
low frequencies the charactistic final slope of
6 dB/octave.

1.0 I
s \
[4
: 1l \
L.}
s o.okf A
s V
(8]
()
<
-1.0 —— ” A
0.0 9.0 18.0

Time (8)

Figure 7 A 1-Hz, l-g., 39-Half Cycle, WAVSYN Pulse
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Errors Caused by Zero Offsets

A small error in the zero line of an
acceleration waveform can cause large errors in
the low frequency end of the shock response
spectrum. The error occurs because the zero
offset will cause an crror in the final velocity
of the waveform. A small error integrated over
the entire length of the time history can result
in a substantial velocity error. The offset will
appear to the shock spectrum calculations as a
square wave of & duration equal to the pulse
duration. An example is shown in Figure 9, and
Figure 10 (curves a and ¢c). Figure 9 {s an
acceleration input composed of the sum of two
exponentially decaying sinusoids. One .omponcnt
i{s at 100 Hz with an amplitude of 1 g. The
second 1{s a highly damped component at a much
lower frequency whose amplitude and delay were
chosen to force the velocity and dfsplacement
changes to be zero. Figure 10, curve a, is the
shock spectrum of this waveform. A 0.05 g zero
offset was added to the waveform and the shock
spectrum was recomputed (curve ¢ on Flgure 10).
The offset looks like an added squave wave with
an amplitude of 0.05 g. The shock spectrum of
this square wave has a peak amplitude of 0.1 g.
Since the duration of this square wave {s 0.2048
s the first peak in the shock spectrum of this
component will be at about 2.4 Hz. Curve ¢ of
Figure 10 confirms these predictions.

One of the dangers of these errors is that
the errors can propagate finto specifications
derived from the measured shock spectrum, which
in turn leads to tests with unreasonable
velocity and displacement requiremencs.

Errors Caused by Waveform Truncation

Truncation of an acceleration waveform can
also cause errors in tiie low frequency end of
the shock response spectrum. As for the offset
errors, these errors are caused by an incorrect
final velocity. The error in the final veiccity
divided by the pulse duration and converted to
acceleration units will give an approximation of

. . R _
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Figure 8 Shock Response Spectruam of a 1-H«, l-r.

39-Half Cyvele, WAVSYN Pulse
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Figure 9 Acceleration of the Sum of Two
Expotientially Decaying Sinusoids

the error. To illustrate, the waveform in Figure
9 was truncated at 0.0564 s. The resulting
velocity error was about 0.18 in/s. This
translates into an acceleration error of about
0.008 g. We would then expect an error in the
shock spectrum of about twice this value ( 0.016
g) with the lowest frequency peak at about 8.9
Hz, Curve b, Figure 10 confirms this error.

As in the case of offset errors, the
biggest danger of this error is the propagation
of the error into specifications.

Incorrect Algorithms

This source of error cannot be discussed in
detail without a thorough knowledge of the algo-
rithm in question. Recursive digital filters are
a popular method to calculate the shock response
spectrum, and it 1is known that the filter
weights are subject to serious roundoff problems

- at low natural frequencies. Careful attention
must be paid to the calculation of these weights
and to the details of the implementation at low
natural frequencies. In some methods the data
are filtered with a low pass digital filter and
the data are then decimated before the spectrum
is calculated at the low frequencies. This could
lead to errors in calculating the primary
spectrum, which has been demonstated to be
important at the low frequencies. More
investigation is required in this area. A good
test for any algorithm is to reproduce Figure 8.

Application to Pyrotechnic Shock Data

We can now use the above results to
establish guidelines when viewing pyrotechnic
and similar shock data when presented in the
form of shock response data. First one must
establish whether the acceleration model or the
relative displacement model was used to
calculate the shock response. This determines
the final slope of the data. If the wvelocity
change is zero, the shock response should have a
final slope of 12 dB/octave or change from a
slope of 12 dB/octave to 6 dB/octave (depending
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Figure 10 Shock Response Spectrum of the Accel-
eration Waveform Shown in Figure 9

<on the model used) in a smooth manner as the

frequency decreases. The curve will be concave.
If a convex “bump” is observed at the 1low
frequencies, the bump 1likely represents a
velocity change which appears to the
computations as a acceleration square wave added
to the wavefornm.

Remember the shock spectrum of a square
wave has an intial slope of 6 dB/octave, reaches
a peak of twice its amplitude at a frequency
equal to the inverse of twice its duration, has
some ripples with each peak of the ripples
reaching a magnitude of twice the amplitude, and
continues along a line with a slope of zero at
an amplitude of twice its amplitude as the
frequency increases. Because of this
characteristic shape of the shock spectrum of a
square wave, the shock spectrum with an added
square wave can appear to have a slope of =zero
at low frequencies. The amplitude of this area
of zero slope will be a function of both the
observed velocity change and the duration of the
digitized waveform. If the velocity change is a
constant and not an error caused by a =zero
offset or truncation, the amplitude of this area
will decrease as the duration of the digitized
waveform is increased. The magnitude of the
velocity change can be estimated by dividing the
shock spectrum amplitude in the region of the
zero slope by two, multiplying by the pulse
duration and converting to velocity wunits. If
this wvelocity change is representative of the
environment the data are probably wvalid. But if
the velocity change is unreasonably large, the
low end of the shock spectrum is in error. The
source of the error can then be investigated.

The natural frequency where the shock
spectrum should again start to decline is given
by the inverse of twice the duration. The final
slope at frequencies much less than the inverse
of twice the duration will be 6 dB/octave,




Shock Spectrum at High Natural Frequencies

This is not the main topic of this paper,
but I would like to make some comments on the
subject., A common rule of thumb in transient
data reduction 1is that you should sample the
data with a minimum of 10 times the highest
frequency of interest. Some have interpreted
this rule to mean the shock response spectrum
should not be calculated above a natural
frequency which is greater than 1/10 th of the
sampling frequency. Often this is overly
conservative. The frequency content of the data
is of primary concern, not the natural frequency
of the SDOF system used in the shock spectrum
calculations. The data must be sampled
frequently enough to avoid large errors in the
detection of the peak of the transient. Some
authors [3] have suggested 6 to 10 samples/cycle
for a 5% error bound. This is often conservative
because it was assumed that the input was a sine
wave at the highest frequency. Three or four
samples of the highest frequency may be adequate
for peak detection if the high frequency content
is a small part of the total energy in the
waveform. The important point is that the sample
rate should be picked with only the
charactistics of the input waveform in mind.

The next question is, will the algorithm
used to calculate the shock response spectrum
calculate the correct values for the range of
natural frequencies desired. It is known that
the oldest and simplest form of the recursive
filter algorithm has serious errors as the
natural frequency approaches half the sampling
frequency [4]. Direct integration methods have
similar problems. Using these algorithms the
rule of 1/10 should be followed. But an improved
algorithm [4] avoids this problem, If the
improved algorithm is used the natural frequency
can even be above the sampling frequency if the
input transient peak has been adequately
detected. The new algorithm assumes the input
waveform can be adequately described by a series
of straight lines connecting the sample points,
The discontinuties in slope caused by the
straight 1line segment  approximation will
generally introduce high frequency energy into
the waveform and the shock spectrum will be
slightly higher than the true value at the high
frequencies. The errors of peak detection will
always bias the results in the negative
direction. The peak detection errors are usually
the largest. The value approached for the shock
spectrum as the natural frequency increases is
the value of the largest sample in the set of
data samples, and 1= as accurate as the detected
peak value.
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Appendix A

Listing of Subroutine for a Ramp Invarient
Simulation of a Single-Degree-of-Freedom
. System for the Calculation of the
Shock Response Spectrum

REFERENCE: Smallwood D. 0., "An Improved
Recursive Formula for Calculating the Shock
Response Spectra," Shock and Vibration Bulletin,
No. 51, part 2, pp 211-217, May 1981.

SUBROUTINE FIIMAX(Y,XX,FN,SR,Z,XML,XM2,

& YM1,YMZ, IFLAG)

D. SMALLWOOD 4-14-80

MODIFIED 8-15-80

MODIFIED 12-17-84 MADE CALCULATION OF

FILTER WEIGHTS A
A SEPARATE SULROUTINE

APPROXIMATES A ONE-ZERO-TWO-POLE SINGLE
DEGREE OF FREEDOM RESONATOR USING A RAMP
INVARIENT STMULATION AND RETURNS THE
RESPONSE.

Y-FILTER OUTPUT
XX=-FILTER INPUT
Z=FRACTION OF CRITICAL DAMPING
SR=SAMPLE RATE (SAMPLES/SEC)
FN=NATURAL FREQUENCY OF RESONATOR (HZ)
IFLAG.NE.0 FOR FIRST CALL TO ROUTINE
SETUP FILTER COEFF.
=0 USES FILTER COEFF. DETERMINED
FROM A PREVIOUS CALL.

NOTE: IFLAG CHANGED TO O AFTER 1ST
CALL, MUST BE RESET BY
USER FOR NEW FILTER.
IFLAG=1 SETS UP AN BASE ACCEL. INPUT,
ACCELERATION RESPONSE
SHOCK SPECTRUM
IFLAG=-1 SETS UP A BASE ACCELER,"TION,
RELATIVE DISPLACEMENT
(EXPRESSED IN EQUIVALENT STATIC
ACCEL UNTTS) SHOCK SPECTRUM.
XM1=~1ST PAST VALUE& OF INTIAL INPUT
XM2~2ND PAST VALUE OF INTIAL INPUT
YM1=1ST PAST VALUE OF INTIAL RESPONSE
YM2=2ND PAST VALUE OF INTIAL RESPONSE
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H IF(FN) 4,4,5 SUBROUTINE WGHT(FN,SR,Z,IFLAG,BO,B1,B2,

4 Y=0. & AlP2,A2M1)
RETURN
c D. SMALLWOOD 12-17-84
c 1ST CALL SET UP FILTER COEFFICIENTS
¢ FINDS THE WEIGHTS FOR A ONE-ZERO-TWO-POLE

SINGLE DEGREE OF FREEDOM RESONATOR

5 IF(IFLAG) 3,10,3
WITH A RAMP INVARIENT SIMULATION.

3 CALL WGHT(FN,SR,Z,IFLAG,BO,Bl,B2,A1P2,
& A2M1)

IFLAG=0 INPUTS:

FN=- NATURAL FREQUENGY (HZ)
SR= SAMPLE RATE (SAMPLES/SEC)
Z-FRACTION OF CRITICAL DAMPING

10 Y=~BO*XX +BLl*XM1 +B2%XM2 +YM1-+(YM1-YM2)
& -A1P2%YM1-A2M1*YM2

QOOOOO0O00000OON000000000

YM2=YM1 IFLAG=1 SETS UP AN BASE ACCEL INPUT
YM1=Y ACCEL RESPONSE
XM2=XM1 SHOCK SPECTRUM
XM1=XX IFLAG=-1 SETS UP A BASE ACCEL.
RETURN RELATIVE DISPLACEMENT
END (EXPRESSED IN EQUIVALENT
STATIC ACCEL UNITS) SHOCK
SUBROUTINE FILTR(X,FN,SR,Z,I1TYPE,I3IZE,Y) SPECTRUM,
o i OUTPUT:
C SUBROUTINE TO FILTER A TIME HISTORY WITH A BO,B1,B2,A1P2,A2M1 THE FILTER WEIGHTS
C SDOF FILTER USING A
C RAMP INVARIENT FILTER SIMULATION
c DOUBLE PRECISION PI,W,WD, E,SP,DY,S0,FACT,
C INPUT: X= INPUT DATA ARRAY & c,DZ
c FN= NATURAL FREQUENCY (HZ) DATA PI/3.1415926535D0/
c SR~ SAMPLE RATE OF INPUT DATA ARRAY c
c (SAMPLES/SEC) 3 W=2.0DO*PI*DBLE(FN)/DBLE(SR)
c Z= FRACTION OF CRITICAL DAMPING IF(W-1.0D-3) 1,2,2
c ITYPE=1--ABSOLUTE ACCELERATION MODEL 1 X=SNGL(W)
c -1--RELATIVE DISPLACEMENT MODEL Cc
c ISIZE= THE NUMBER OF POINTS IN THE ¢ USE THESE COEFFICIENTS WHEN W IS SMALL,
c X AND Y ARRAYS c FOR BOTH MODELS
c c
C OUTPUT: Y« OUTPUT DATA ARRAY AlP2~ 2, 0%Z*X +X*X*(1.0-2,0%Z*Z)
c A2M1le=-2 0%Z*X +2,0%Z#*Z*X*X
C DO SMALLWOOD SANDIA NATIONAL LABS IF(IFLAG) 35,10,20
C ALBUQUERQUE NM 12-17-84 2 DZ=DBLE(Z)
c c
DIMENSION X(1),Y(1) C THESE ARE EXACT EXPRESSIONS,
C c USED WHEN W IS LARGE
C FIND FILTER WEIGHTS c
o c USE THESE EXACT EXPRESSIONS WHEN W IS LARGE
CALL WGHT(FN,SR,Z,ITYPE,BO,B1,B2,A1P2, ¢
& A2M1) ~ SQ=DSQRT(1.0D0-DZ*DZ)
c E=DEXP(-DZ*W)
¢ FILTER WD=W*SQ
c SP=E*DSIN(WD)
YM2-0. FACT=(2.0D0O*DZ*DZ -1.0D0)*SP/SQ ,
YM1=0, C~E*DCOS (WD)
XM1-0. ¢
YM2=0 c A1P2 AND A2M1 ARE THE SAME FOR BOTH MODELS
C A1P2=A1+2 A2M1=A2-1
DO 10 I-1,ISIZE ¢
Y(1U)=BO*X(T) +B1*¥XML +B2*XM2 +¥YM1 AlP2=SNGL(2.0D0-2.0D0%*C)
& +(YM1-YM2) -A1P2%YM1 -A2M1*YM2 A2M1~SNGL(-1.0DO+E*E)
YM2=YM1 IF(IFhAG) 6,10,30
YM1=-Y(1) ¢
M7 =HM1 o EXACT EXPRESSIONS, W LARGE,
10 AMI-X(1) o RELATIVE DISPLACEMENT MODEL
C
PETURN 6 BO~SNGL((2.0DO*DZ¥(C-1.0D0) +FACT 4W) /W)
EHD _ BL=SNGL((-2.0DO*C*W +2.0D0%DZ*(1,0D0-F*E)
&  -2.0DO*FACT) /W)
B2~SNGL( (EXEX (W42, 0D0*DZ) -2, 0DO*DZAC
& IFACT) /W)
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L]
)
.
.I
hS
\ . GO TO 10
' C USE THESE COEF. FOR SMALL W,
c RELATIVE DISPLACEMENT MODEL
< C
ﬁ 35 BO=X*X/6.
. Bl=2 O*X¥X/}.
B2=X*X/6.
GO TO 10
C
3’ c USE THE COEFF FOR ACCEL INPUT,
- c ACCEL OUTPUT MODEL
._ C
X C
o C FXACT EXPRESSIONS FOR W LARGE.
c ACCEL OUTPUT MODEL
C
l 30 SP=SP/WD
> BO=SNGL{(1.0DO-SP)
’ BL~SNGL(2 .0DO*(SP-E*DCOS (WD)))
4 B2=~SNGL(E*E-SP)
Pl
S GO TO 10
c
C USE THESE COEFF FOR SMALL W,
C ACCEL OUTPUT MODEL
“'-: C
: 20 BO=Z*K4 (X*X)*((1.0/6.0)-2.0%2%2/3 0)
RN Ble2 0*X*X*(1.0-2*2)/3 0
e B2w-Z¥X+ X*xX*((1.0/6.0)-4.0%2%2/3 0)
- 10  RETURN
e END
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Discussion

Mr. Galef (TRW): I have been investigating some
of these things in considerable detail over
recent years, and I have come to a different
conclusion than you have. My conclusion has
been that damping is a second order effect, or a
congiderably higher order effect, at low
frequencies and high frequencies; damping is
also a considerably higher order effect for many
pulses, for the rest of the frequencies as

well. The only time damping is really important
is In an oscillatory funct{on, such as the
damped sine wave that you were using, and then
damping is only important at frequencies near
where the Fourler transform peaks. 1 believe
your different conclusion may have resulted from
using physically invalid pulses. That
particular sine wave where you put a
compensating acceleration at a low value for a
long time prior to the thing, that does not
happen in the real world. 1In the real world we
have a very large, very short duration,
compensating pulse to give us a net velocity of
zero and a net displacement of zero. TFor that
case, my results very cleavly show the 12 dB per
octave. Until I can perhaps clarify this with
you, I think I will continue to reject data that
shows 6 dB per octave with the same enthusiasm
that I reject data that shows zero shift.

Mr. Smallwood: T encourage you te read the
written version of the paper, because I think
you will see my mathematics is fairly straight
forward and indicates a problem. I agree with
your conclusions on single-sided wave forms.
They roll off at 6 dB per octave anyway. But I
think you will see damping is important for the
double-sided wave forms at the very low natural
frequencies. The net result is you cannot
represent these complicated wave forms as simple
impulses, because you have to represent them by
multiple impulses. When you do that, the
primary response becomes dominant.

Mr. Rehard (National Technical Systems): If we
are looking at frequencies of one Hz, when we
calculate the response spectra from that low
frequeuncy, what kind of error would come in
between one Hz and DC? How do you know that
there isn’t a zero shift only by looking at the
time hilstory? You would have to look at the
time history, because it will try to look flat
the closer you get to zero.

Mr. Smallwood: When the natural period of the
single degrec-of-freedom system gets long,
compared to the complete data windcw through
which you look at the data, then I think you
will ultimately see the shock spectrum start to
roll off. 1t is flat only to those natural
frequencies whose pertod is comparable to the
perind of the data window that you use to look
at the data, 1f the period of the window you
use to look at the data ig one second long, I
wotlld expect frequencies a decade below one lz
Wwill atart to show a nlope agatn of A dB per
netaye.  That flatners does not go on forever

Aawn to DG Fventually, ft will tarn avound and
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roll off. Often, it is so far down, 40 dB or 60
dB down, that people really do not worry about
it; they are not concerned about it. So, you
never even plot the shock spectrum, but you use
very low frequencies.

Mr.

Rehard: It is a tough question for me

because I do not know where the two would end.

I do not know if I could ever prove it, or not,
that it really turns around and does 6 dB.
Mr.

Smallwood: The only thing that you can do

is to extend the natural frequency down lower

and lower. That gets to be computationally
expensive. That is the reason people do not
normally do it.
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RELATIVE CONSERVATISM OF DRUY TABLE

AND SHAKER SHOCK TESTS*

Thomas J. Baca and Teddy D. Blacker
Sandia National Laboratories
Albuguergue, New Mexico

were made on the fixed end of
gathered from a field shock
environments.

Judging the conservatism of a mechanical shock test is & crucial concern of
the engineer responsible for interpreting the outcome of the test. Either
an overtest or an undertest can have devastating implications if the former
results in a costly redesign of the structure being tested, or if the latter
fails to properly qualify the structure for use in its design environment,
The objective of this paper is to quantitatively compare the relative con-
servatism of haversine and decaying sinusoid shock test input pulses which
are geno-rated on drop tables and electro-dynamii shakers. A complete
evaluation of test conservatism between the labnratory and field shock
environment requires characterization of shock severity and consideration of
this characterization's statistical variation. A shock intensity spectrum
(SIS) s introduced as a2 new shock characterization which provides informa-
tion on the severity of the shock
conservatism 1is quantified in terms of an Index of Conservatism (I10C) and a
novel criterion called ar Overtest Factor (OTF). Accelerometer measurements

a cantilever beam structure. Data were
environment and three laboratory test
The laboratory tests included two drop table test series and
one decaying sinusoid test series. An analysis of test conservatism was
carried out on the data using these new techniques. Kesults are presented
for the case where multiple tests provide a complete statistical basis for
10C and OTF calculations and the case where only a single measurement is
made from the field and laboratory environments. This research provides
specific recommendations regarding the relative conservatism of two widely
used snock test techniques. It also describes a general methodology which
can be applied in the comparison of any two shock environments.

as a function of frequency. Test

INTRODUCTION

Laboratory shock testing of aerospace
components is & critical step in the development
of shoux resistant hardware. The laboratory
test proviges high confidenre that the structure
will survive its operational shock environment.
The validity of the shock test is initially
based o0a a judgement of the adequacy of the
shock  test as it is defined ir the test
specification, The final evaluation of the
adegyuacy of the test requires analysis of the
actual test inputs, This paper introduces a
melhodology which can be applied to both of
these crucial evaluatione of test conservatism.
An  evalvation of the relative conservatism
hetween both drep table and decaying sinusoid

shock data and a field shock environment is
demonstrated on a cantilever beam structure.
Both the the data analysis techniques and the
specific findings about the relative conser-
vatism of these two test techniques will enhance
the understanding of the engineer responsible
for both shock test specificalion and post-test
data analysis. The analytical methods described
in this paper seek to instill a quantitative
bent to the evaluation of shock test conser-
vatism which all too often depends on "warm
feelirgs" and "rules-of-thumb." The value of
implementing meaningful shock test conservatism
criteria is clear to any engineer who has had to
Justify the validity of his test specification
after the test item which has failed the shock
test is considered for a costly redesign.

*This work was performed at Sandia Nationa) Laboratories and supported by
the U.S. Department of Energy under contract DE-AC04-76DP00789.
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JUDGING SHOCK TEST CONSERVATISM

The engineer's dilemma of judging test
conservatism kegins with the definition of the
field shock environment. Figure 1 shows an
acceleration time history which was measured on
the fixed end of an aluminum 12.7 x 2.564 x 0.64
em (5 x 1 x 0.25 inch) cantilever beam mounted
in a box-Yike fixture which was impacted by a
pendulum hammer. This data will represent the
“field" environment in this paper. The engineer
now seeks to specify a shock test which will
adequately test the structure. Two of the most
common mechanical shock testing techniques
utilize drop table shock machines and electro-
dynamic shakers. (References 1 and 2 provide
details of these test techniques.) The principal
advantages of the drop table technique are that:
1) the simple pulse shapes {e.g., haversines)
are readily created; and 2) high acceleration
levels (exceeding 1000 ¢) can be attained. The
shaker shock most often is composed of a summa-
tion of decaying sinusoid puises. The
synthesized pulse has a two-sided characteristic
which s more realistic looking than the haver-
sine pulse, but its peak accelerations are
limited to the force rating of the shaker
machine. The standard method for comparing the
shocks created by these machines and the field
shock environment 1is through the absolute ac-
celeration shock response spectrum (denoted SAA
in this paper). (See Reference 3 for further
background information on SAA spectra.)

Figure 2 shows SAA spectra for the field
data 4nd three idealized test pulses, The stan-
dard approach to shock test specification would
lead the engineer to specify the 1400 g x 0.33
ms haversine pulse. Both the 700 g x 0.33 ms
haversine and the 350 g x 1500 Hz decaying
sinusoid only partially cover the specified
frequency range. 1t is interesting to note the
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Figure 1 Representative Time History of Field
Shock
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results of a MSC/NASTRAN finite element analysis
of this beam which the authors implemenied by
exciting a model of the cantilever beam by these
jdealized test inputs and the fieid data shown
in Figure 1. Table 1 shows peak bending stresses
at the base of the beam:

Table 1. Peak Bending Stress at the Base of the
Cantilever Beam

STRESS
ENVIRONMENT (Mpa)
[psi]
FIELD %zi 34.5
DATA {5,000]
1400 G 112
HAVERSINE {16,200]
700 G 56
HAVERSINE [8.100]
350 6 30.3
DESIN [4,400)
181 . S— _—
£ 1 - FIELD DATA
[ 2 - DECAYING SINUSO|D .
[ 3 - 780 G HAUERSINE h
[ 4 - 1400 G HAUERSINI ]
8 1 ST e 1
A A N
A /{X:m(;-;-' Frw]
s SRR
8 - 3
P .
0
N
s
E 4
G 3
10! S P
182 103 104

FREOQUENCY HZ (DRMPING = 0.03)

Figure 2 SAA Spectra for Field Data and Three
Different ldeal Shock Test Inputs
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ki The fact that the bending stresses from the ignored in the test specification process. It
i haversine tests exceed the stress experienced is a fact that 1ittle data may be available
during the field shock might be anticipated early in a component tust program, but as field
sirce Figure 2 shows that the SAA spectra for data 1is collected and more component laboratory
i the haversines exceed the SAA spectrum for the tests are conducted, the engineer can gather
: field data and the decaying sinusoid (DESIN) at statistical information on any shock charac-
k> the fundamental modal frequency {318 Hz) of the terization of interest. It is also possible {o
;) beam. In this case, the engineer's knowledge of assume & certain amount of variability (~.g., a
B the structure being tested leads to an examina- coefficient of variaiion) based on past
tion of the need for enveloping the entire experience. Using this statistical information
frengncy trrxmge of the spectrum. The real fothquanufyas!f\ock conse;vati:m is a to;ln'c dea\:
question en becomes one of determining the wi m eterence where an Index o
A true frequency content of the field time higtory Conservatism (10C) is defined as follows:
8 so that a determination of test conservatism can
W be made over the entire frequency spectrum. . ¢
¥ -
One option 1is to ‘look at other charac- 100 = — F B (3)
= terizations of the shock which are direct 0.2 4 0.8 4
measures of the shock time history instead of a T % M
" Slf\A r;esgonse spectrum which plots peak response ),\:
X of single-degree-of-freedom oscillators excited : ; ‘ I
\ by the shock time history versus their natural :::reC . a;: t::eme;:arurgggczf gg:i:i::::ﬂ{ic; .
frequency.  References 4-6 have employed shock . -0 X
characterizations such as ranked peak accelera- values' for the test (T) and field (F) environ- ‘1;
Yions. and root- cpl t ments, and o,, 0y, and o are the corresponding Y
funct | root-mean-square accejeration as a standard deviations. FiGures 4a and 4b graphi-
unction of time and frequency to analyze shock call
. ” y represent the 1I0C. Note that the main
= data. In comparison to the SAA spectrum charac- advantage of the 10C is that it is not deperdent
terization in Figure 2, Figure 3 Shows RMS o A oot 1 s g8 oL gepend hy
) ' pt ion of a probability distribution,
18] acceleration as a function of frequency (FRMS) while it still incorporates the statistical h
‘ for all four shocks, The FRMS for an accelera- ;
" . . . i3 X - : roperties of the field and laboratory test
(¥ tion time history x(t) having duration TD is . ; ;
d defined be low: data. The 10C provides a practical means of g
’ ﬁantifying shock conservatism to the engineer. |
K e matter of determining how the degree of
i 2 F I 2 1/2 overtiest associated with a laboratory test
f FRMS(F) = TU.[ |x(f)l df (1 specification relates tn a specific 10{ value X
_;-.- 0 will be dealt with later in this paper. f
N = . . y
’:- where X(f) is the Fourier transform of x(t;: :}
b, a.;
‘ X(f) = /:., x (t) e 3 tgt (2) b
>, O
= and j = y~I. The FRMS plot gives the contribu- -
“ tion to the overall RMS acceleration by all 300 -~
4 frequencies below the frequency at which the ; - géélas ggm o)
ol FRMS ordinate is plotted. The true frequency 3 oEn & heutanusal
3.4 content of the time history is represented in g 250 |4 1480 G HQUERSIN .
the Fourier Amplitude Spectrum, IX(f)l, but FRMS " ]
& has the advantage of providing an amplitude S EPTIE T o
[~ value which has some physical significance. The A 200 .7 Uy
.S value of the FRMS plot is demonstrated by ob- ¢ 7 3
: serving in Figure 3, for example, that the € - 4
Xy haversine shocks do not have frequency content Lise i by
o which contributes to the overall RMS above -6000 R i o
Y Hz where the FRMS becomes flat. An improvement 4 s
i to the manner by which we look at frequency 1 N
; domain RMS will be made in the following e =
‘_1 section. It is sufficient to say at this point o
e that the engineer has an alternative to SAA 8 -
Ra spectra if a representation of the intensity and 'Y
K frequancy content of a shock time history is ‘ d
desired. (- e — s X
2 3 J
Once a measure of shock severity is chosen, 1 10 1o i
the engineer must evaluate the effect of the FREQUENCY HZ (DURATION = S r1s) r
variabiiity of the shock characterization on Figure 3 FRMS Plot for Field Data and Three !
test conservatism., This entire area is often Ideal Test Inputs .
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Figure 4b Probability Density Function
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THE SHOCK INTENSITY SPECTRUM

A new spectral quantity can be defined
which incorporates frequency, amplitude, and
duration information about the shock time
history. The Shock Intensity Spectrum (SIS) at a
frequency Fi given by the following equation:

SIS(F,) = [FRMS(F * yF) - FRMS(F.A/r)] (4)

where Fi¢1 = F; *or.
(Note that r = 1.2 is used in this paper.)

The SIS(F.) ordinate value reprecents the con-
tribution to the overall RMS of the shorck time
history by frequencies in the ith logarithmic
frequency interval. The duration information
comes from the fact that FRMS is calculated for
a specified analysis time interval. Comparisons
of SIS between different shock time histories
must be made using the same analysis duration
since FRMS is dependent on tre duration, TD, in
Equation (1). This duration information as-
sociated with an SIS plot is a characteristic of
the SIS plot which must be clearly stated on the
plot just as a critica! damping ratio ust be
specified on an SAA spectrum plot. Figures 5
and 6 show normalized SIS plots for ideal haver-
sine and decaying sinusoid pulses. These curves
were generated using the exact solution for the

292

Fourier Amplitude Spectrum of normalized haver-
sine and decaying sinusoid shock pulses which is
given in Reference 6. Plots of SIS for the
field shock and test pulses discussed previously
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Figure 5 Normalized SIS (SIS/A) vs. Normalized
Frequency (F*TH) for a Haversine Pulse
with Ampiitude A. Baseline Duration
TH, and TD/TH = 15 (TD = Analysis

Duration)
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Figure 6 Normalized SIS (SIS/A) vs. Normalized
Frequency (F*T) for a Decaying
Sinusoid Pulse with Amplitude A,
Sinusoidal Period T, Decay Rate 2 =
0.05, and TD/T = 15 (7D = Analysis
Duration)

are opresented in Figure 7. Note that the SIS
plot clearly shows the drop-off of high fre-
quency content in idealized test inputs. The
SIS analysis also shows the relative sig-
nificance of predominant frequencies more
accurately than the SAA spectrum. This is shown
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in the comparison of the SIS (Figure 7) und SAA
(Figure 2) for the field data where the ~3000 Hz
and ~6000 Hz peaks in the S5AA spectrum are of
the same order of magnitude as the predominant
peak at ~1500 Hz, while the SIS peaks at these
same frequencies are an order of magnitude less
than the SIS peak at -1500 Hz. These advantages
of the shock intensity spectrum motivated its
use as the shock characterization for studying
the relative conservatism of drop tabla and
decaying sinusoid shaker shock data.

le 2 Al T ni Y
1 - FIELD DATA 3
2 -~ DECAYING SINUSH:D h
[ 3 - 700 G HAUERSIN ]
. 4 - 1400 G HAVERSIAE =
H ]
e
10! ]
T T-- % 1
€ - ]
N -
: ~,-|-
T 10@
34 : u 3
) F ! ]
} f 43
i [N
t [ E
!
.
1e-! R s ot Ll —_
102 103 104

FREQUEMNCY (H2)

Figure 7 SIS Plot for Field Data and Three
Ideal Test Inputs

CALCULATION OF OVERTEST FACTORS

The final analysis tool which must be
introduced is the Overtest Factor (OTF). The
OTF is defined as follows:

o
OTF = (5)

CT.I

where C. . is the mean characterization of the
test datd'uhich give the desired 10C value of 1.
Thus, the OTF unfines how many times greater the
actual mean test characterization, , s than
the mean test characterization, € having an
Index of Conservatism of I. Infolmstion about
the wvariability of the test and field environ-
ments is included in the calculation of the OTF
in the following manner. Let

o
R = (6)
g:
and
o
Ry = —d (7)
C

and express I from Equation (3) as:

RICF - CF i (Ry - 1)

2 2 2
kF + RI Ky

where k. and KT are the coefficients of varia-
tion fEr the field and test environments,
respectively, Equation (8) can then be solved
to give RI‘ and the OTF is found using Equations
(7) and “(5). The OTF is useful because it
allows the engineer to see directly how a test
characterization from the completed test com-
pares with the test input which would be needed
to create a desired Index of Conservatism.
Overtest Factors for the drop table and decaying
sinusoid test are given in the next section.

ANALYSIS OF TEST CONSERVATISM

Analysis of the relative conservatism
between the drop table, the decaying sinuscid,

and field test data was carried out using a
computer program developed to implement the

analytical procedures described previously., The
data base consisted of twenty-two field shocks,
twenty-three -14009 x 0.33 ms haversine shocks
{denoted DROP1), twenty-five -~700 g x 0.33 ms
haversine shocks (denoted DROP2), and twenty-
five decaying sinusoid pulses (denoted DESIN).
The SIS and SAA spectra are the shock charac-
terizations which were chosen for the test
conservatism analysis.

Figures 8a and 8b are plots of coefficient
of wvariation, k, versus frequency for the SIS
and SAA spectra, respectively. Average values
of k over the entire frequency range shown in
the plots are also noted. This data indicates
the SIS spectrum has$ a larger amount of
variability than the SAA plots. The curves in
Figures 8a and 8b were wused to justify the
decision to use an overall coefficient of varia-
tion of 0.15 in subsequent calculations of IOC
and OTF used for comparisons of individual field
and test time histories.

The plots of SIS and SAA means, plus and
minus one standard deviation, are presented in
Figures 9-11. Figure 9a underscores the useful-
ness of the SIS spectrum in revealing that
frequency content of the field data exceeds the
DROP1 data at ~1500 Hz, even though the SAA
spectrum indicates a higher DROP1 level over all
frequencies. The predominance of the 1500 Hz
frequency component in the field data is em-
phasized in the SIS pliots, while the SAA specira
show comparable levels at frequencies above 1600
Hz.

Once the mean and coefficient of variation
have been determined by a statistical analysis
of all of the data., 10C (Figure 12) and OTF
(Figure 13) plots can be created by implementing
Equations (3) and (5) on the computer. Negative
values on the I0C plots indicate an undertest,
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and positive values indicate an overtest., It is
important to observe that while the decaying
sinusoid test is unconservative over most of the
frequency range, it alone provides a conserva-
tive test at the predominant frequency (-1500
Hz) of the field data.
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The Overtest Factor plots in Figure 13 were S

calculated for a desired 10C value of one. This
value was chosen as a reasonable degree of
conservatism that would be sought in a component
shock test., The OTF plot clearly shows the ! J
frequency range of overtest. The undertest o
experienced at 1500 Hz during the drop table g
tests 15 also clearly shown in Figure 13a. T ,r"
Should the analyst decide to use an average OTF £ ,,f‘ |
value 1instead of the values at specific fre- H ’,/’
quencies in Figures 13a and 13b, a graphical e y’,/
comparison of the average OTF values can be a ”,J
produced as shown in Figure 14. This simple ¢ ”’J :
plot of average OTF supports & conclusion that 0
t on the average, the drop table shocks are con- " ’,/’
E servative, while the decaying sinusoid is not I I G 97g JO P e
; conservative. ”,J
One final analysis of the data involved y”’ ‘//)
using a single record from each of the test ° |
series and a coefficient of variation value of SIS SAA SIS SAA SIS SAA
0.15 to observe the changes in the conservatism DROP1 DROP2 DESIN
; analysis. The I0C and OTF were not s:g—
e nificant) altered as 1{s evidenced by e '
: average gTF plot shown in Figure 15. Thus, for Figure 15 Average Overtest Factors for Single
o the data studied, a good indication of test Test Inputs with 10C=1. (Assumed
conservatism can be estimated with only one Coefficient of Variation: k‘-krno.ls)
K field time history and one laboratory test
y record.
N
s CONCLUSIONS
0 Relative conservatism between the drop
& table shock tests and the decaying sinusoid
J shaker test has been analyzed using both shock
" o [ 1 intensity spectra (SIS) and absolute accelera-
. u a”/ tion shock response spectra {SAA) as
= £ ,/’/ characterizations, Both  an  Index  of
T e Conservatism (IOC) and an Overtest Factor (OTF)
£ K’// 1 plot was created for each shock characterization
N T as a quantitative measure of shock conservatism.
L - £ A The SIS spectrum was shown to be a meaningfu) L
Al f e shock characterization because it reflects the ;
N ? ,/’/ ] amplitude, frequency content and duration of a ‘
iy 0 ] — shock time history. Overall, both the DROP1 and i
- R r,/’ /,/’ DROPZ2 table shock were conservative tests even |
, ] though the SAA spectrum of the DROP2 test did
&) LIS taty sduks < ais il S ol il ieluieiataiaite -1 not  completely envelop the field data SAA
FF /”/ /”’ o spectrum. The comparahle decaying sinusoid test
- ,/’/ ,/’/ ,/’/ data showed the test was on the average slightly
¥ e P e undercorservative. Utilizing the SIS spectrum :
8 revealed a narrow frequency range where the drop
it sééOPfAA SééOPgAA SézsxaAA table test did not provide a conservative test |
. in spite of the fact that SAA analysis implied a
conservative test. In all cases, statistical
R, Figure 14 Average Overtest factors for Full variability of the shock characterizations was ‘
A Ensemble of Test Inputs with 10Cx1 incorporated in the analyses.
~ '
?‘ |
b 297




=] o - Sandhaakinsd s e et E SR LT R B

T S

The analysis technique presented in this
paper represents a powerful tool which an
analyst responsible for interpreting the results
of the shock test can wuse to quantitatively
5 judge test conservatism. Use of this technique

will result 4in a better understanding of what
the outcome of a shock test really means, and
should foster the creation of shock test
specifications which more consistently relate
the fieid and test laboratory shock
environments.
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